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ABSTRACT 
In this thesis work to improve the Transport and Road Research 
Laboratory (TRRL) frost heave test is described along with a new 
indirect method of predicting the frost susceptibility of granular 
materials. 
To determine the optimum TRRL test conditions temperatures in 
the Nottingham University cold room a'nd prototype SRU were 
automatically.monitored. In a typical trial several thousand 
temperatures were recorded. These were reduced to just three 
independent parameters, each of which quantified a particular 
feature of the temperature regime. Temperature fluctuations in the 
. . 
water bath of the prototype SRU were excessive and so an improved 
Mk3 unit was developed. Road sub-base aggre9ates covering a wide 
variety of geological types and gradings were tested. These had 
the same heave after 250 hours freezing in the Mk3 SRU and the cold 
room, at least within the working range. Rigorous statistical 
analyses revealed that frost susceptibility could be judged with 
equal precision after only 96 hours freezing. The variability of 
heave was the same in both units. This variability was attributed 
to intrinsic differences between nominally similar specimens. It is 
intended that a 96 hou~, Mk3 SRU, frost heave test will be specified 
in a new British Standard. 
The indirect method is based on ~he suction/moisture content 
characteristics of granular soils. These were determined using the 
osmotic suction technique althouph the specimen preparation 
procedure had to be improved to'accommodate the hard, coarse 
aggregates. For all the materials tested, the volumetric moisture 
content at suction of pF 2.5 (9 2 •5 ) was strongly correlated with 
heave in th~ TRRL test. Calculati6ns rev~aled that, for the TRRL 
test 'conditions, pF 2.5 is a suction wDich'must occur in the zone 
between the terminal ice lens and the limit of ice penetration. 
It is thought that 92• 5 reflects the overall permeability of,this 
frozen fringe. 
.., . 
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'. CHAPTER 1 
. INTRODUCTION 
1.1 The Frost Heave Problem 
The most commonly witnessed frost damage to man-made struc~ures 
is caused by the 9% expansion of water upon freezing. This 
_r' .~-
shatters water pipes and cau~es spa11ing or stripping of pervi6us 
road surfaces. Superficial damage of this type can usually be 
remedied relatively cheaply. 
Hore serious, however, are problems associated with frost 
heave. This occurs as a result of a pressure imbalance at: an 
ice/water interface which causes water to ~i9rate towards the 
freezing zone. This water accumulates as ice, often in the form 
of layers or lenses, which force upwards disrupting overlying 
structures. 
There are three prerequisites for frost heave to occur:-
, . ' . 
(i) a frost susceptible material must be present, 
(ii) freezing temperatures must occur within this material, and 
(iii) there must be a source of water available to the freezing zone. 
Frost heave can occur in artificially frozen ~round. for. 
example, under ice rinks (Thorson and Braun 1975), cold storage 
plants (Cooling and Ward 1945).and in association with the use of 
ground freezing as a construction expedient (Jones 1982). 
It has also been a major concern with regard to the recently 
pr~posed McKenzie valley chilled gas,pipeline in Canada (Wi1liams 
1980) and a great deal,of experimental work in ~orth America has 
been directed towards finding an economical method of preventing 
heave. 
1 
Frost heave damage resulting from natural winter freezing is 
much more common since sub-zero winter temperatures can 
occur over more than half the world's land surface. Damage has been 
reported in canal embankments and buildin~ foundations (Shterenfeld 
1974) and under railways and airfield pavements (Jumikis 1966). 
Frost heave in road pavements is, however, a more frequent and 
widespread problem and it is heave in this context with which this 
thesis is primarily concerned. The biggest difficulties are due 
to differential heave which occurs at the junction between frost 
susceptible and non-frost susceptible material, such as transitions 
between cut and fill, and over inserts such as drains and culverts 
(Linell et al 1963). Heave causes pavement cracking, rough road, 
surfaces and shortened pavement life (Allemeier and Cook 1963). 
, Damage can, however, occur during the,subsequent.thaw. The 
large volume of water released as the ice melts can give rise to 
excessive pore pressures. This is especially so if the road thaws 
from above because the water will be trapped in the pavenent by 
the impermeable frozen layer below. Spring thaw damage is usually 
manifested by:frost boils, localised areas where break-up, under 
traffic occurs; slurry pumping, particularly between slabs in 
concrete pavements which may subsequently settle; or by generalised 
break up of the surface (Croney 1949, 1977). 
, .. 
1.2 The Influence of Climate on the Incidence of Frost Heave 
The severity of a winter, freeze is often measured by the 
'freezing index' which is the cumulative number of degree-days 
below zero. In North America the freezing index varies between 
zero and 5,OOO°C days and is typically between 500 and 1500°C 
2 
days over the Northern USA. By comparison, the freezing indices in 
Britain during the winters of 1947 and 1963 were about 150°C days. 
K~bler (1973), however, found nocor'relation between individual 
winter indices and the. amount of damage to German roads. In fact, 
mild winters often led to greater damage because the slower rate 
of frost penetration gives maximum heave development. Damage did 
not correJate with the number of freeze thaw cycles or the amount 
of precipitation. In Canada, however, autumn rainfall was found to 
be an important factor in the incidence of frost damage (Armstronn 
and Csathy 1963). 
Measurements by Black et al (1958) indicated that in Britain 
the water table under an impervious cover was always within a few 
feet of the surface, being highest in winter. Similarly Kqebler 
. ,'. " '. 
showed that the ground water contents at several locations just 
before the start of a cold spell did not vary significantly. 
Clearly, although ihese observations are true of most North American 
and European locations they will not apply in arid climates where 
" , 
light rain may not replenish the ground water before the onset of 
freezing. In general, however, in most regions where winter freezing 
Occurs the ground water and temperature conditions will be such that 
frost damage to road pavements could occur. 
1.3 Methods of Preventinq Damage to Roads' 
A number of techniques have been developed in order to prevent 
frost heav~ damage to ro~d pavements. 
(a) The removal of all frost susceptible soils and replacement 
with non-frost susceptible material to the maximum depth of frost 
penetration. 
3 
'. 
(b) Improved drainage, which both lowers the water table and 
assists moisture miQration during thaw. 
(c) The addition of cement to physically bond the susceptible 
materials (Kettle 1973, Gaskin 1970, Ona1p 1970). 
(d) The addition of chemicals such as brine, calcium chloride 
or calcium lignosulphate to inhibit freezing or moisture transport 
(Lambe et al 1971). 
(e) Inserting a suction barrier, such as clean sand, between 
the water table _~ the expected frost depth (Roth 1977), or inserting 
impermeable membranes such as polythene to inhibit flow. 
(f) The inclusion of insulation such as styropor concrete 
(Aposto1opau1os and Schnieder 1974), polystyrene slabs (Orama 1973) 
or pine and spruce bark (Knutson 1973) to prevent penetration of' 
frost into susceptible layers. 
Of .these alternatives (d) to (f) are extreme1y:costlythough 
i~ certain problem areas they are practised. For example, some 
Finnish roads incorporate polystyrene slabs though their inherent 
weakness means that the. pavement must be strengthened. Brine has 
been injected under Canadian railways though it has to be frequently.,. 
replenished to maintain a sufficient concentration (Yong,and Serag-E1din 
1980). Cement stabilisation ,is s?metimes used in Britain,though the 
cost, if more than a small, quantity of cement is added, usually renders 
stabilised materials uncompetitive (BRE 1973). 
, .. 
Method (a) is widely practised in Europe and in the 
USA where frost da~age may be a problem though most roadmaking 
":"'. 
Specifications also recommend the provision of adequate drainage 
(e.g. USA, Federal Highway Administration 1972; England and Wales, 
D.Tp. 1976). In the USA,on major roads,frost susceptible subgrade 
4 
is generally not permitted in the zone into which frost may penetrate. 
The CRREL test, described in section 3.2.2, is used to assess frost 
susceptibility. In colder states subgrades are only protected from 
freezing where differential heave or poor drainage is a problem 
though the empirical design of roads in these states tends to pro~uce 
a greater pavement thickness which partially compensates for the 
bearing capacity loss on thaw (Frederikson 1963). Subbase materials 
do not have to be tested provided they are within certain grading 
limits. This procedure is also commonly adopted in Europe. 
In Britain, however, all materials used within 450 mm of the·' 
road surface must be non-frost susceptible as measured by the TRRL 
test (D.Tp. 1976). Inspection of design procedures·for British 
rigid and flexible pavements indicates that for major roads the 
total pavement thickness will be about 400~500 mm. The frost 
susceptibility of.the subgrade is, therefore, not as important as 
that of the overlying unbound materials. Surfacings and bound 
materials are not considered frost susceptible. 
1.4 Unbound Aggregates in British Roads 
Two types of sub-base are used almost exclusively in road 
construction: type 1 - crushed rocks, slag and concrete or well 
burnt non-plastic shale;and type 2 - natural gravels, sands plus. 
the type 1 materials. The requirements of these are given in Fiq. 1.1. 
Supplies of gravel are, however, running short in some areas 
(Sherwood 1969) • .In addition,type 1 sub-basesare generally preferred 
by contractors, especially when lk~~ ~~ used by construction traffic. 
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Recently capping layers have been introduced CD.Tp. 1978).· 
This is a thin layer of low quality material which is laid over, 
a weak subgrade in order to strengthen it. Although this layer is 
hard to justify from a structural point of view it may have merit 
as a construction expedient particularly in bad weather (Brown 
1981). , These layers are currently likely to be more than 450 mm 
below the road surface. However, with the trend towards thinner~ 
stiffer pavements they may occur more frequently in the frost 
protected zone in future. The TRRL test must therefore be able to 
'correctly assess the frost susceptibility of a wide variety of , road 
making materials. 
The introduction of the frost susceptibility criteria 
resulted in many formerly used subbases being excluded, for example, 
Lincolnshire Limestone which was formerly a prolific source of 
roadstone (Nichol1s 1970). ' This' exclusion has meant that in many 
areas of Britain, notably the South~ast and East, there are no 
acceptable aggre9ates available locally. The usual solution is 
to import material from larger quarries with adequate reserves 
such as the Peak District,or the Mendips (Fish 1972). This places 
increasing pressure on the environment-in these areas and also 
results in an increase in expenditure of several million pounds 
on major new roads,_mainly due t6 increas~d average, trans~ort distances 
(Hurt 1976). 
1·5 Frost Susceptibility Compliance Testing 
Despite attempts to improve the TRRLtest since it was 
adopted as a compliance requirement (section 4.6) the results 
, . 
obtained,o..re. ~still more variable than ""<:'0-1') " be regarded as 
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acceptable for a compliance test (Sherwood 1981). This variability 
causes considerable problems for both the producer and consumer. 
It is not unusual for material classified by one laboratory as 
frost susceptible to be classified by another as non-frost 
susceptible. 
Even at the levels of road building expenditure proposed for-
the mid 1980's,the rejection by the TRRL test of only a 
small proportion of non-frost susceptible subbase materials could 
therefore be very costly. On the other hand, the acceptance of 
material which subsequently heaves is also to be avoided. For 
examp1e,the estimated cost of repairs in Scotland after the severe 
winter of 1962/63 was fO.5M (Lake et al 1963). More serious, 
however, was the'f~ilure of the M6 Preston Bypass which necessitated 
replacement of the upper 200 mm of the pavement on the slow and"" 
centre lanes at a cost of fO.8M. There was also considerable 
inconvenience to road users as a result of closing the motorway. 
Clearly the incorrect assessment of road materials by the 
TRRL frost susceptibility test can lead to considerable cost and 
inconvenience. " This unsatisfactory situation has led to the test 
being severely criticised, indeed the need for a test at all was 
questioned (e.g. Ske1ton-Smith 1975). 
1·6 The Aims 'of This Research 
The research documented in this thesis was almost entirely 
concerned with sub-base aggregates, the primary aims were:-
(a) to develop and validate an improved frost susceptibility test 
preferably based on the existing TRRL test, 
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(b) to investigate the mechanism of frost heave and hence determine 
the properties which distinguish frost susceptible and non-
frost susceptible materials, and 
(c) to develop a method of predicting frost susceptibility based on 
measuring these fundamental properties (an indirect test) 
rather than measuring phenomenological behaviour in a freezing 
test:(a direct test). 
In order to fulfill these aims a thorough understanding of 
the mechanism of frost he~ve is required •. A review of the theoretical 
and experimental background to the current theories is therefore 
undertaken in Chapter 2. This is followed (Chapter 3) by a review 
of frost susceptibility tests in order to: (i) evaluate the TRRL 
procedure in the context of the other. existing direct tests and 
(ii) isolate the most suitable indirect tests for predicting the 
frost susceptibil ity of granular material s. 
; . 
I 
. } 
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Property 
Ten percent Fines Va1ue/KN 
Plasticity Index 
California Bearing Ratid / % 
Type 1 
>50 
o 
Type 2 
t On1y if less than 10% retained on 20mm sieve- general use 
B.S. SIEVES 
" 
F I M i c I F I M I CiF I M I c ICOBTJ .~ ____ ~~S~IL_T ____ ~ ____ ~SA_N_D ____ ~ ___ ~._R_AV_E_L ____ ~ ____ J 
FIG. 1.1· THE REQUIREMENTS OF TYPE 1 AND TYPE 2 SUB-BASE 
MATERIALS (DEPARH1ENr OF TRANSPORT 1976) 
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CHAPTER 2 
THE NATURE OF FROST HEAVE 
2.1 Introduction 
The pirineering work in the field of frost heave was performed 
by Taber (1929, 1930) and Beskow (1935). Taber recognised that 
frost heave was due to the segregation of water durin~ freezin~,which 
caused the formation of ice lenses in frost susceptible materials. 
At the time,the popular belief was that frost heave was due to the 
volume expansion of water upon freezing. Taber supported his 
contention by replacing water with benzene, which contracts upon 
., 
freezing (at 5-6°C), frost heave still occurred. He cites Volger 
(1854) as an earlier proponent of this idea and Beskow gives an 
early reference to ice lensing as Runeberg (1765). 
Both Taber and Beskow recognised that unfrozen films which 
persisted between the ice lens and the soil particles were of 
primary importance ~n the frost heaving mechanism. 
They conducted tests in which frost susceptible specimens, 
with free access to water (an open system) were frozen uniaxially. 
Ice lenses were formed and the following major influences on 
frost heavewereisolated:-
(l ) 
(2) 
(3) 
(4 ) 
soil particle size, 
overburden pressure~ 
, >- • "r 
amount of free water available, 
. " 
rate of cooling, 
(5). size of voids and void ratio. 
i.0 
Since the early 1950 ls a vast amount of frost heave research 
has been done but the above factors are still reco0n;sed as 
important. However, a working model which correctly predicts 
their respective influences has yet to be produced although 
considerable steps have been made. 
2.2 The Free Energy Concept 
To construct the equations of state for an enclosed system 
subject to non-isothermal freezing conditions a variable capable 
of incorporating more than one form of energy is required. Such 
a variable is the Gibbs free energy gl, which defines the total 
amount of energy contained in a system as:-
gl = U + PV - TS 
where U = internal energy/J 
P = pressure/Nm-2 
V =volume/m3 
T = temperature/oK 
S = entropy/J oK- 1 
2.1 
Edlefson and Anderson (1943) used this expression to define 
the absolute free energy (f) of water within a soil as the Gibbs l 
free energy per unit mass. In the context of soil science it is 
. the free energy of the soil water relative to that of bulk water 
(6f) which is of interest, rather than the absolute free energy. 
The relative free energy of pore water can be measured in terms of 
the work which must be done on it in order to maintain equilibrium 
with bulk water (Aitchi .son et al 1966). Expressing work in its 
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usual thermodynamic components ~f is given by:-
where 
~ f = V w~ P - s ~ T - ~ H m 
Vw = specific volume = 10-3 m3 kg- 1 
s = specific entropy/J oK- 1Kg- 1 
~p = pressure difference/Nm-2 
~T = temperature difference/oK 
~~1m = mechanical work per unit mass/JKg- 1 
(~ being relative to the bulk water) 
2.2 
For a soil under equilibrium (and; isqthermal conditions 
Wm= T=O) the relative free energy (usually called simply the 
free energy) of. the pore water is given by:-
2.3 
If an unsaturated soil is brouaht into contact with bulk 
-' 
water at the same t~mperature and pressure, water will flow into 
the soil i.e. work will be performed. Cons;der;n9 equation 2.2 
the free energy of pore water in unsaturated soils must 
therefore be a negative quantity. ,The pressure in equation 2.3 
must also be negative i.e. a suction. 
,2.3 The Forces Acting on Pore Water 
In unsaturated soils the free eneray of the pore water is 
depressed by a total amount which may be expressed (Edlefson 
and Anderson 1943) as:-
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lif = lifg +lifo + lifi + lifa .2.4 
Gravitational Osmotic Interfacial 
forces forces forces 
Adsorption 
forces 
~--------~v~------~ 
matric forces 
Their relative magnitude depends on (Iwata 1972):-
(a) the size, shape,and distribution of pores within the solid 
matrix, its surface area and surface chemistry, 
(b) the degree of saturation and the wetting and drying history, 
(c) the concentration and distribution of dissolved ions in the 
pore water, and 
(d) pressure and temperature. 
2.3.1 Gravitational Forces 
Compared to the other forces,gravitational forces are quite 
weak and normally have an insignificant effect on the free energy 
-
of pore water. However, they are influential when the pore water 
behaves as if it were bulk water, for example, in ~ranular soils 
with large saturated pores or in clayfissureswhere the influence 
of other force mechanisms is diminished. 
where 
The free energy varies according to the equation:-
. flfg = -g flh 
-2 g = acceleration due to rravity/ms 
flh - elevation relative to the bulk water/m 
~.3.2 Osmotic Forces 
2.5 
Osmotic forces arise due to the inevitable presence of ions 
in the pore water. These solute ions reduce the diffusion rate 
(i.e. inhibit the natural random motion) of the solvent molecules. 
Although the precise mechanism of osmosis is no~ completely 
understood (Thain 1967) the reduction in free energy which these 
solutes cause is demonstrated by the flow of pure water through 
a semi-permeable membrane which separates bulk water from pore 
water solution. For solutions which obey Raoult's law the 
reduction in free energy is given by:-
where P/P
o 
= relative humidity = m1/(m1 + ms) 
m
1 
= moles of solvent 
m = moles of solute' 
s 
R = universal gas constant/J mo1e- 1oK- 1 
T = absolute temperature/oK 
M = molecular weight of water/kg mole-1 
2.6 
In most soils, particularly laboratory prepared samples, the 
ion concentration is relatively low and although the concentration 
may be greater in adsorbed films (section 2.3.4) the osmotic forces 
are small compared with adsorption forces (Iwata 1974). 
~.3.3 Interfacial Forces 
Interfacial forces exist because the intermolecular attractions 
_ordi~arily present in any ~ubstance are. unsatisfied at the outer 
face. This imbalance of .forces produces a difference in the 
pressure of the two phases present at the interface given by the 
general expression (Adamson 1967);-
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P 2 dA t. = O'av 
where t.P = pressure difference in the two phases 
0' = interfacial energy 
dA/dV = area to volume ratio of the interface 
In narrow cylindrical capillaries where gravitational forces 
are minimal the interface between air and water will adopt the 
shape with a minimum surface area to volume ratio i.e. a hemisphere. 
The pressure difference across the interface is given by the 
Laplace (also known as the Kelvin) equation. 
20' COSex 
aw p - p = ----:-:---
a w r 
where P = air pressure/Nm-2 
a 
P = water pressureiNm-2 
w 
0' = interfacial energy between air and water/Jm-2 
aw 
r = capillary radius/m 
2.7: 
ex = contact angle between the interface and soil particles 
Because water is attracted to surfaces the contact angle is 
Usually low and the COSex term disappears. 
The pressure difference causes water to rise up capillary 
tubes until the weight of the water column balances the pressure 
. 
difference. By measuring the' height of water in capillaries of various 
,known radii Zamanski (1957) determined a to be 7.27 x 10-2 Jm-2 at 20°C. 
aw 
The pore structure of a soil can be described as a network 
of, albeit rather misshapen, capillary tubes~ In a partially 
saturated soil, curved a ir/water interfaces must form, the concave 
face being next to the air phase. Recalling equation 2.3 and noting 
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that 0awand rp (the pore radius) are both positive, the change in 
relative free energy from the air to the water phase is given by:-
2V ° w aw 
r 2.8 . p 
As a soil of fixed structure is pr09ressively desaturated the 
interfaces will occupy ever smaller pores and thus the free energy 
will be progressively lowered. The free energy depression is thus 
a function of the pore size of the soil and the degree of saturation. 
2.3.4 Adsorption Forces 
All solid surfaces tend to have unsatisfied valency charges 
at their surfaces. The surface satisfies these residual forces by 
attracting and retaining liquids, gases and dissolved substances -
this ~s the phenomenon of adsorption (Adamson 1967)~· In the case 
of fine grained soil particles a negative surface charge exists 
(Lambe andWhitman 1969). The charge on clay particles, for 
example, arises from isomorphous substitution (e.g. alumina ions 
by magnesium) in the clay lattice. 
Because of the polar nature of the water mo1e~u1es they react 
strongly with the surface (Gregg and Sing 1967). In this ·case the 
forces of attraction include not only London - Van der Waals 
(dispersion) forces but additional electrostatic and electromagnetic 
forces resulting from dipole~ion interactions (Ingles 1968). These 
forces rapidly decrease in intensity with distance from the surface. 
It has been observed (Anderson 1967a) that the surface of· 
clay minerals consists of an arrangement of oxygen atoms and 
hydroxyl groups whose geometry resembles that of ice and,based on 
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this evidence it has been postulated that there exists a hydr0gen 
bonded clay/water interface which may be as thin as one molecule. 
Although conductimetric and nuclear magnetic resonance measurements 
do not support the hydrogen bonding theory it is evident that the 
first molecular layer is vastly different from bulk water' 
(Anderson and Morgenstern 1977). 
Because of the negative surface charge a variable number of 
positive ions in the pore water will be loosely associated with 
the surface along with the adsorbed water complex (Anderson 1967a). 
The adsorbed film is often termed a diffuse' double layer 
(e.g. Miller et al 1975) because it can be visualised as an inner 
layer of tightly bound water molecules together with a diffuse 
layer of attracted ions and water. 
Clearly,the proportion of the pore water under the influence 
of adsorption forces depends on both the surface charge and 
the specific surface area of the soil. Clay minerals, as mentioned 
above, have a negative surface charge, however, in quartz based 
minerals sUbstitution is uncommon'(Berry and Mason 1959) and in 
1 2+ 2+ 2+ 2+ ca cium carbonate replacement of Ca . by Mg ,Mn and Fe does 
not lead to any net charge. Therefore, although the adsorbed 
films in clays may be up to 50 to 70 0 A thick (Anderson and Low 
1958) those in other soils, especially granular materials must be 
considered as very thin. 
In isodimensional materials the specific surface is also much 
smaller than in clays which have a two dimensional plate like form. 
For example illite and chlorite (clays) have a specific surface of 
80 m2 g-1 compared with quartz particles (radius 10 ~m) of 0.23 m2 g-1 
~nd calcium carbonate p~rticles (radius 1 urn) of 2.23 m2 g~1 . , 
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(Krebs and Walker 1971). In granular materials, therefore, the 
proportion of. water under the influence of adsorbed films is much 
less than in a clay mineral at the same moisture content. 
As yet double layer theory is not developed to the extent 
required to deal successfully, in quantitative terms, with soil 
water systems (Anderson and Morgenstern 1977) and a theoretical' 
expression of the influence of adsorption forces on free energy 
has not been derived. 
2.4 The Soil Suction Characteristic 
Because unsaturated soil has the potential to do work the 
negative free energy of a soil has been termed its potential • , 
where ;-
6f = -. ' 2.9 
Potential has been defined by the International Society of soil 
science as IIthat negative gauge pressure, relative to external 
gas pressure on the'soil t to which a pool of pure water at the 
same elevation and temperature must be subjected in order to be 
in equilibrium with the soil water". 
Potential is normally expressed as an equivalent height of 
water thus:-
v p 
• = 
w w 
9 
m 
where P = suction (relative to air pressure)/Nm-2 
w 
2.10 
. The relationship between potential and moisture content is 
termed the soil suction characteristic •. However, for a given soil 
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the suction characteristic is not unjque although two extreme cases 
can be recognised. The dryin~,or desorption curve, which is followed 
when an initially saturated soil is progressively desaturated,and 
the wetting,or absorption curve,which ;s followed when an initially 
dry sample is allowed to imbibe water • 
. 
The most commonly accepted explanation of this hysteresis is 
the "ink bottle" theory (McBa~n 1935). In this model the pores are 
confined by necks of smaller radii, hence, they remain water free at a given 
" 
potential in the wetting phase but, once filled, at the same 
potential in the dryin0 phase they a~e unable to drain. An 
alternative explanation (Marshall and Holmes 1979) is that the air/water 
meniscus adopts a larger contact angle with the rock in the wet~;ng 
phase than in the drying phase. At a:given moisture content the 
same pores ~i11 be filled but the potential (equation 2.7) will 
be less in the wetting than in the drying phase. 
2.5 The C1aus;us-Clapeyron Equation 
2.5.1 The Equation' 
Under a pressure of one atmosphere bulk water will be in 
equilibrium with ice at O°C. The free energy of both the ice and 
water phases are the same under these conditions, however, in a 
soil which, due to ice intrusion, is u~saturated the freezing 
point of water is reduced. This freezing point depression is a 
function of the relative free energy of the, ice and water phases 
(Ed1efson and Anderson 1943), however, certain assumptions can be 
made with regard to the ice phase. 
It is generally agreed that ice which forms in a freezing soil 
is normal hexagonal ice 1 (Anderson 1967a,b) and because of the 
innate perfection of this crystalline state solutes and other foreign 
substances are rejected. Osmotic effects within the ice phase are 
therefore minimal and changes in the free energy of. ice are 
due to internal stresses. It is usually assumed that, at a given 
temperature, the stresses are isotropic and can therefore be 
expressed by a single pressure p. (relative to air pressure). 
~ 
Takagi (1965) stated that ice is under stress, a tensorial 
quality, and never under hydrostatic pressure, however, this view is 
unorthodoxandhe also later assumes isotropic ice stresses (Takagi 
1980) • 
Expressing the free energy of the water in terms of the 
equivalent suction (P w) necessary to maintain equilibrium with 
bulk water small temperature depressions are given by:-
where ~T = freezing point depression/oC 
T = normal freezing point of water = 273°K 
o 
L = latent heat of fusion = 330 KJ kg- 1 
Vi = specific volume of ice = 1.09 x 10-3 m3 kg- 1 
2.11 
This is the generalised form of the Clausius-Clapeyron equation 
which is central to the quantification of soil freezing phenomena. 
2.5.2 Evidence to support the generalised Clausius-Clapeyron Equation 
Many workers have produced experimental results which are 
claimed to support the predictions of the generalised Clausius-
Clapeyron equation; here the more elegant demonstrations will be 
cited. 
Biermans et al (1976) grew ice, under atmospheric pressure, 
on the surface of saturated glass filters resting on a reservoir 
of free water. They found that the pressure which had to be 
applied to the water.to prevent flow to the ice depended on the 
temperature at the ice/substrate interface. The relationship 
between the two was that predicted by the Clausius-Clapeyron 
equation for the case where 6Pi = 0:-
kPa 2.12 
Radd and Oertle (1973) and Takashi et al (1980) measured, 
using different experimental techniques, the pressure which had 
to be applied to ice on the surface of silt and clay to prevent 
moisture flow. The pressure depended on the temperature of the soil 
surface according to the predictions of Clausius-Clapeyron 
equation with 6P = 0:-
w 
6TL 
= - T V = -1110.6T 
o i 
kPa 2.13 
Takagi (1980) expressed scepticism about the applicability 
of the Clausius-Clapeyron equation to freezing at clay surfaces. 
Miller (1980). however, argued ,from purely theoretical considerations 
that under. equilibrium conditions the equation fs valid. The 
above evidence supports this view •. 
2.6 The Unfrozen Moisture in Freezing Soils 
2.6.1 The Soil Freezing Characteristic 
It has been noted that the moisture content of an unsaturated 
soil (where air is intruding) is a reflection of the free energy 
of the pore water. Simi1ar1~ the unfrozen moisture content in a 
freezing soil isa reflection of the free energy in the system. 
The unfrozen moisture content/temp~rature relationship is termed 
the soil freezing characteristic. 
The soil freezing characteristic also displays hysteresis 
(Bouyoucos 1917, Koopmans and Miller 1966). Recalling the ink 
bottle theory this implies that in the freezing case isolated 
pockets of supercooled water exist, a concept supported by 
Williams (1968). Supercooling is an unstable state and whilst 
(remarkably) it is rare under natural conditions it is commonly 
observed in laboratory tests (e.g. Bouyoucos 1920). 
2.6.2 Liquid Films in Frozen Ground 
At present it is generally accepted that in freezing soils, 
in addition to the capillary and adsorbed water, a transition 
layer having liquid like properties also exists on the ice surface 
(Jellinek 1967). The study of Nakaya and Matsumoto (1954) in 
. which two ice ~pheres~ at -7°C, suspended by threads, rotated 
against each other in response to an applied torque lends support 
to this idea. Cary and May1and (1972) and Je11inek (1967).quote 
° ° thicknesses of 10 to 40 A and 100 A respectively at O°C. 
The extraordinary properties of the combined adsorbed~ 
film/ice-film layer was demonstrated in the now famous experiment 
of Corte (1962), later repeated by Hoekstra and Miller (1967) and 
,', 
t ~ 
Everett and Haynes (1965) •. In the experimen~ soil particles 
scattered on the surface of ice, were pushed forward as the ice 
thickness increased. The liquid film clearly generated "solid-
like stresses" (Takagi 1977) sufficient to lift the particles but 
it also enabled water transport to the growing ice. The 
ability of this liquid interface to transport water was also 
demonstrated by the migration of glass beads through ice 
(Romkens and Miller 1973~ Hoekstra and Miller 1967). These 
thin films, as noted by Taber (1929, 1930) and Beskow (1935) 
are of crucial importance in the frost heave phenomena. 
2.7 The Response of So;ls to Freezing Temperatures 
Koopmans and Miller (1966) recognised two extreme soil 
types, SS soils, those in which the particles were 1n solid to 
solid contact, and SLS soils, those in which a1i the particles. 
were separated by a thin liquid film. Here the two types· will 
be called an ideal granular soil and an ideal clay soil. For 
each solute free soil they considered the relationship which 
should exist between the' pore water pressures at the same 
moisture content in unsaturated and freezing soils. 
2.7.1 An Ideal Granular Soil 
In an ideal granular soil:-
(a) ~ach particle is wedged amongst its nei0hbours and so the 
pore geometry is stable, . 
(b) the particles retain a thin film of. water when both air 
and ice is .intruding. Although these films may differ in 
thickness in the two cases, because the specific 
surface and surface charge is small (Section 2.3.4) neither makes 
a significant contribution to the (unfrozen) water content. 
The primary forces acting on the pore water are thus 
interfacial forces. Any ,change in water content is caused by 
displacement of. these int'erfaces within the pores (Fi~. 2.1). 
In the freezing soil curved ice/water interfaces(radius r) will form and, 
by analogy- with,~he case o~ air/water interfaces (equation 2.7), 
,,~ 
the pressure, difference in the two phases will be given by:-
where o. = lW 
20 iw COSa p. - p = ----1 W r 
interfacial energy between ice and water/Jm-2• 
2.14 
Assuming'that at the'same moisture content (and on the same 
leg of the hysterisis loop) the interfaces in a freezing soil 
have the same shape as those in the unsaturated soil,'the 
relationship between'the pore pressures in the two cases'is given 
by (substituting for cosa/r from equation 2.7 into 2.14):-
2.15 
2.7.2 An Ideal Clay Soil 
I In an:ideal clay:-
(a) all the water is under the influence of adsorption forces 
and adsorbed films completely surro~nd every particle, 
(b) ,the water present is mobile. 
In a freezing'clayice forms oh th~ surface and in isolated 
" 
macroscopic cracks. Water flows from within the clay to restore 
the imbalance in free energy of the adsorbed films beneath the i 
ice. The moisture movement is accompanied by a reduction in the 
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thickness of the internal films and the clay matrix thus contracts, 
curved ice-water interfaces are not formed (FiQ. 2.2). Under 
these circumstances it is immaterial whether the 'drying phase' 
is ice, air or any other inert substance. All that matters is 
the pressure exerted on the pore water relative to the external 
water pressure. Thus,at the same moisture content, the pressure 
differences in the freezing and unsaturated soils are related by:-
2.16 
2.7.3 Validating the Ideal Soil Models 
Koopmans and Miller (1966) and Wi1liams (1976) used a 
dilatometer to determine the· soil freezing characteristics. In 
this apparatus the pore water is free to expand as ice forms· , 
and thus has zero pressure. The change in free energy due to 
freezing is accommodated entirely by a change in the ice pressure 
equation 2.13. 
In the pressure plate soil suction tests the pore water 
pressure change is also zero. For these experimental conditions 
equations 2.15 and 2.16 can be rewritten as:-
Ideal clay soil 2.17 
Ideal granular soil 2.18 
Using a number of silt fractions Koopmans and Miller found 
that equation 2.18 was val id for C1iw/C1aw = 0.45. Substituting 
Zamanski's 0aw value of 7.27 x 10-2 Jm- 2 yields 0iw = 3.27 x 10-2 Jm-2• 
This value is in good agreement with the theoretical value derived by 
Hesstvedt (1964) which supports the validity of the model. 
Further evidence supporting the applicability of the Lap1ace 
equation to describe pore pressures in ideal granular soils was 
obtained by Penner (1966) from experiments in which water held 
between uniform glass spheres was frozen. 
In the experiment of Koopmans 8\ j~i 11 er and Will i ams some 
materials also behaved in accordance with equation 2.11, however, 
many soils especially those tested in earlier work (Wil1iams 1964), 
displayed relationships between the extremes predicted for ideal 
materials (Hurt 1976). 
2.7.4 Freezing Mixed Materials 
The moisture held in soils containing bo~h clay and granular 
materials freezes by a combination of pore invasion and depletion 
of adsorbed layers. The relative importance of each freezing mode 
depends on the proportions of adsorbed and pore water in the soil. 
The relationship between unsaturated and freezing pressures at the 
same moisture content is thus given by:-
where 0iw/oaw < A < 1 
The value of A may, however, change with temperature (or pressure). 
For example, a saturated silt may initially freeze asan ideal granular 
soil. However, as the temperature is lowered and the unfrozen pore 
water content is diminished an increasing proportion of the ice will be 
formed by freezinn adsorbed film water. The behaviour thus becomes 
(6 
. 
clay like. Alternatively, material may behave like a clay 
until the moisture content reaches the shrinkaae limit. With 
.' 
further freezing the material will crack and ice penetration will 
occur. 
2.8 Heat and Mass Flow During Heaving 
. Although the mechanism which causes water tO,flow differs in 
the various models of frost heave all of them recognise that the 
heaving process involves, essentially, a heat imbalance within a 
freezing soil. In fact, penner' (1972) stated that heat 
extraction is the independent parameter in the frost heave process. 
The general expression describing heat flow through a soil 
per unit time is (Penner 1960):-
where Q ~ heat extracted through the upper boundary 
qi = heat input through the lower boundary 
q = heat extracted from insitu ice, water and soil ' .. 
c 
qL = latent heat released by ice formation 
q = heat released by coolinr, water drawn to the freezing 
m 
point . 
Compared with th~ latent heat flow, the flbw of sensible' 
heat q. is'extremely small. Taylor and Luthin (1976) report a 
m 
factor -of between 100:1 and 1000:1. The difference between the rate of 
heat input and the heat extraction is the net heat extraction 
rate (~Q')where:-
6Q' = qc + qL = ~0 • ~Z + Lv 
. Vw dt Vw 
2.19 
Where v. = velocity of moisture f10w/ms- 1 
%f = rate of ice penetration/ms- 1 
o = volumetric water content 
The rate of frost heave is.direct1y related to the velocity 
of flow. Loch (1979) and Horiguchi (1978) have shown that as the 
heat extraction rate increases the heave rate also increases though 
at an ever decreasing rate. For some soils a maximum is reached 
beyond which the heave rate decreases with heat extraction. The 
behaviour depends on the relative importance of the insitu and 
flow components to equation 2.;9.· Haas (1962) has explained the 
behaviour by postulating that at high heat extraction rates the soil 
permeability is a limiting factor. 
2.9 The Capillary Model of Frost Heave 
2.9.1 The Development of the Capillary Model 
The model is based on the observation of Beskow (1935) that 
the suction gene~ated in soils is related to the capi11a.ry rise. 
Penner (1957) and Go1d;(1957) also noted that the magnitude of 
the suction was related to the geometry.of the porous soil matrix 
in which the ice lenses developed. Penner concluded that higher 
tensions develop in soils with smaller pores due',to the smaller 
ice/water interface radii. 
. , 
These, and ot~er studies led 
to the work of E~erett (1961) and Everett and Haynes (1965) to 
whom the rigorous equilibrium thermodynamic formulation of the 
model is usually attributed. 
?S 
2.9.2 Description of the Model 
The model is applicable to saturated, solute free,ideal granular 
soils. Such a soil in an open system, subject to a temperature 
gradient and under an overburden (a) is shown diagrammatically in 
figure 2.3. The interfaces between the base of the growing ice lens 
and the pore water are assumed to be hemispherical (radius r). The 
pore ice pressure (Vi)* is equ~l to the overburden pressure, so the 
pore water pressure (Uw)*is expressed by eqn. 2.14 for cos a = 0:-
2.20 
If kinematic effects are unimportant (i.e. thermodynamic 
equilibrium is assumed) the Clausius-Clapeyron equation (eqn. 2.11) 
is·valid. Combining with equation 2.20, r can be expressed as:-
2.21 
, 
If.there is.a heat imbalance at the ice/water interface such that 
~T (the temperature at the base.of the ice lens) decreases, the 
radius of curvature of the ice/water interfaces, r, will also 
decrease (eqn. 2.21). If r decreases far enou9,h Uw will become 
.negative (eqn.2.20). This suction will cause water to flow to 
the freezing front and the heave rate will 'be ~iven by the equation 
of Rucklii (1948):-
. , 
dh 
-:rr = -u l,. \ , 
1.09.Uw·ksat·Vw 
. Zu· g 2.22 
~Uw and Vi denote actual pore pressures whereas Pi and Pw are the 
equivalent external pressures necessary to maintain equilibrium. 
29 
where Zu = distance to the water table/m 
ksat = saturated permeability/ms-
1 
dh h' /-1 Of = eavlng rate ms 
For a granular soil having pores with a characteristic radius, 
rc' frost penetration can only occur when the temperature falls to 
a value such that r = rc' If this condition is fulfilled the ice 
will spread through the pore and the radius of curvature will 
increase to a value compatible with the new temperature conditions • 
. 
Ice will form at this new level until r again equals rc' It is by 
this mechanism that the capillary model explains qualitatively 
the frequently observed phenomenon of ice banding (Jones 1977a). 
For a column with fixed boundary temperatures llT wi 11 
eventually not achieve a value such that ice penetration can occur 
and a terminal lens will form. 
In this model water flow throu0h the unfrozen films to feed 
the growing lens is .an essential mechanism. The physical properties 
of the films are not, however, considered explicitly. There 
thickness and pressure is assumed to vary spontaneously in order to 
maintain equilibrium with the pore water (Everett 1961). Making 
this assumption Miller et al (1975) have derived theoretical 
relationships between film thickness and temperature. 
2.9.3 Maximum Heaving Pressure and Suction ' 
, The maximum heaving pressure, a, is the overburden pressure 
which prevents heave in a soil. For zero heave Uw = 0 and, for a 
soil containing ice lenses, equation 2.20 yields:-
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20 iw 2.23 
Everett and Haynes (1965) derived a heaving pressure 
equation for various simple capillary systems in which a lens had 
not necessarily formed:-
, where 
A 1 1 A. 
a = 2a,·w (- + -). ~ 
rc rp ,... 
r = particle radius p 
2.24 
A. = area of ice/solid contact in the horizontal plane , 
A = total horizontal area 
The maximum suction which a soil generates, U
w
' is given by 
(eqn.2.20) fora = 0:-
2.25 
Comparing equations 2.23 and 2.25 the capillary model therefore 
; , 
predicts a 1:1 relationship between maximum suction and maximum 
heave irrespective of rc. 
,.~ 1;-
2.9.4 Testing the Predictions of the Capillary'Model 
Penner (1967) found that maximum heaving p~essures were 
correctly predicted for a small r value (that below which 8-10% 
, ",', ' ' c 'c ," c 
ofihe pore ~e11). He~onc1uded that the iiner pores were of 
greater significance in the growth of ice lenses and thus, 
>, 
when a range of pore sizes exist in a soil, the bottom of the ice 
lens takes on an undulating configuration, with ice advancinq 
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furthe~ into larger pores.' Hurt (1976) attributed 
the vast overestimates of heave rate given by Ruckli's equation 
to the fact that it does not account for the decrease in 
permeability caused by this ice intrusion. Dudek and Holden,(1979) 
developed a mathematical model, based on the capillary theory, 
which gave a good correlation with experimental results USin9 
fixed boundary temperatures. The model included a narrow zone of 
reduced permeability just below the ice lens. 
In earlier work Penner (1958) compared the suction and 
overburden pressure required to prevent heave in a sample of 
quartz sand. He found that the overburden pressure was twice 
. the suction. Penner (1963) noted that this result does not appear 
to satisfy a self-consistent theory. Similarly, Sutherland and 
Gaskin (1973) showed that, for a number of soils, heaving pressures 
were greater than suctions. Although Miller et al (1960) produced 
evidence which implicitly supported the 1:1 relationship predicted 
by the capillary model their results were distorted by geometric 
. 
approx imations subsequently recognised as superfl uous O~i 11 er 1963) • 
. Recentl~ the prediction of maximum heaving pressure has been 
of great importance with regard to the construction of the McKenzie 
Valley chilled gas;pipeline in Canada (Williams1979). It was 
proposed that by constructing a berm over the pipe, thus increasing 
. 
the overburden, heave could be prevented. Numerous experiments-
have been performed (e.g. Loch and Miller 1975,Penner and Ueda 
1978, Takashi et al 1980) all of which indicate. that the capillary 
model !vastly underestimates heaving pressure. 
.)2 
.. 
2.10 Miller's Theory of Secondary Heaving 
2.10.1 The Frozen Fringe 
, Miller (1972)~ recognisin~ the apparent discrepancies between 
measu,red heaving pressures and those predicted by the capillary 
model, proposed his model of secondary heaving', which, he stated, 
"occurs when the limits 'appropriate to primary heaving are exceeded". 
The ~odel was formulated for a saturated, solute free, ideal granular 
soil and involves the growth of the ice phase into some of the pores 
formed by the stationary particies below the ice lens. The zone 
between the base of the lens, the lensing front, and the limit of 
ic~ penetration, the freezing front~ was termed the frozen frin0e. 
This is a macroscopic'zone of ice and unfrozeri water rather than the 
microscopic undulating freezing front proposed by Penner (1967). 
The basic equations 90verning the stresses and liquid flow in 
the model were detailed by Miller .in1977, 1978. These were 
recently'solved numerically by computer for quasi-steady state 
(Miller and Koslow 1980) and for· full heaving conditions 
(D'Ne;ll and Miller '1980). 
2.10.2 Series-Parallel Transport 
An important feature in Miller's model is that the ice in the 
frozen fringe is able to move as a continuous riqid body with a 
uniform velocity equal to the observed rate of heave. The mechanism 
of ice movement was t~rmed 'self induced regelation' and it 
involves the melting of ' the ice phase at the cold side accompanied 
by a (virtual) flow of water through the unfrozen films and 
refreezing at the warm side. 
To sustain heave. and the 9rowth of the ice lens, it is 
necessary that the ice movement is accompanied by a parallel 
transport of water; the overall flow bein~ termed series-parallel 
transport. The microscopic pattern of heat and moisture flow in 
the frozen fringe is therefore extremely ~omplex (Fig. 2.4). The 
film flow characteristics, assuming an ideal diffuse double layer, 
and the coupling between heat and mass flow in terms of direct. 
coefficients (in the direction of heave) and cross coefficients 
(due to self induced regelation) have been considered (Miller 
et al 1975). ' For the purpose of simulation, however, 
DINeill and Miller (1980) assumed that the virtual counter flow 
of sensible heat may be accounted for by adding a correction term, 
ql, to the right, hand side of equation 2.19:-
q I = _ Lei dh 
Vi . at 
where dh/dt = heave rate/ms-1 
e =vol~metricice content i 
The experiments of Horiguchi and Miller (1980) have clearly 
demonstrated the phenomenon of regelation, howeyer, their work 
has not'yet proved or disproved the mechanism of series- . 
Parall el transport., 
2.10.3 The Equations Describing the Behaviour in the Frozen Fringe 
Miller as~umes that·the Laplace equation is valid within the 
frozen fringe, however, unl ike the capillary model, in which the 
minimum radius of curvature of the ice-water interface is the 
characteristic pore size of the soil, the interfaces in the frozen 
3,1 
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fringe vary spontaneously to maintain local equilibrium between the 
ice and water phase •. Miller has therefore introduced the variable 
1/1 where:-
Ui - Uw 2 
---=-=1/1 
O'iw r 
2.26 
The Clausius-Clapeyron equation is also assumed to be valid 
throughout the frozen fringe though the ice is not necessarily at 
the overburden pressure. Substituting equation 2.26 into equation 
2;11 to eliminate the ice pressure yie1ds:-
Within the frozen fringe the velocity of water flow is 
presumed to obey Oarcyls 1aw:-
. -kVw 
v = g 
,{ d ( Uw) _ ..9-) 
\ dz V.., 
where k(1/I) = permeability in the frozen fringe 
The studies of Burt and Wil1iams (1976) and Horiguchi 
2.27 
2.28 
and Miller (1980) confirm the validity of equation 2.28 for soils 
under isothermal conditions~ Miller rec09nised that the law has 
. 
not been proved for anisothermal1y frozen soils. In the frozen 
fringe flow is further complicated by the series-parallel 
transport phenomena but it is thought (D I Nei11 and Miller 1980) 
that this can be accounted for by simply applying a correction 
to k (1/1) ~ . 
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To enable the specific conditions which give rise tolensing 
to be quantified a stress partition factor (x) was introduced. 
Recalling Terzaghi1s effective stress equation:-
2.29 
where 0 1 = effective stress on soil particles 
o = total stress 
U = pore pressure 
and noting that air and ice intrusion are in certain respects 
analogous, the relationship proposed by Bishop (1960) .. 
for a soil containing air and water filled pores was adopted to 
express the relative contribution of the ice and pore water 
pressure:-
.2.30 
where x(w) = stress partition factor 
The validity of this equation has not been proved. However, 
"considerations of the film, pore water. and intergranular force 
components acting on the soil particles at the microscopic leVel 
(Miller 1977, 1978) lend support to the concept of the equation. 
The soil permeabi1 ity and the stress part;'tion factors depend. 
on ~he value of W which varies as th~ temperature and pressure i 
changes within.the fringe; as the pore water pressure (U ) or the 
w 
temperature (6T) decrease, W decreases (equation 2.27). The 
radius of the ice-water interface will therefore decrease 
(equation 2.26) and the ice will encroach further into the 
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intergranular space (Fig. 2.5). The value of w is thus reflected 
in the unfrozen moisture content, 0, of the soil.' 
'The relationship between e and ~ can be determined from the 
soil freezing characteristics. The apparatus of Burt and Williams 
( 1976 ), enables the relationship between k and 8 to be determined and' 
DINeill and Miller (1980) report that work has been undertaken to 
determine the x-0 relationships. Typical variations of 0, k and 
x for a soil column in which a frozen fringe is fully developed, 
but where heaving has been prevented by applying a vertical load, 
are shown in Fig. 2.5.,' 
2.10.4 The Mechanism of Secondary Heaving 
The mechanism is described for a soil column, under an 
overburden 0, with a fixed warm side temperature, being frozen in 
an open system by gradually lowering the cold side temperature. 
In the early stages insitu freezing in the soil pores and occurs 
without heaVing.: The vo}ume expansion of the ice on freezin~ 
causes pore water to be expelled from the column. The pore water 
pressure remains largely unchanged and equation 2.11·, is satisfied 
by an increase in ice pressure. 
Eventually, at the soil surface, the ice pressure Ui reaches 0 . 
and the lens ing. front. 1.s .henceforth fixed at thi s pressure. Further 
cooling results in a decrease in pore water pressure (equation 2.27). 
This suction causes moisture flow and heaving begins, the velocity 
, , 
of flow being determined by the heat iMbalance at the base of the 
lens (equation 2.19 with dz!dt = 0). 
Within the frozen fringe the permeability decreases rapidly 
with decreasing temperature, therefore, to sustain the flow 
'. 
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(equation 2.28) the pore water pressure must decrease almost 
exponentia11y. Having defined U , at each point in the fringe, 
w 
the ice pressure (Ui) and the effective stress ~n the soil 
partic1e~:{cr') are given by equations 2.27 and 2.30 (Fig. 2.6 t 1). 
The mean distance from the fre~zing front to the water table is given 
by the value of Zuwhich satisfies the equation:- .,' 
With further cooling U
w 
at the 1ensing front decreases and 
eventually crI reaches zero at Some point in the frin~e (Fig. 2.6,"t2). 
The por~ contents alone now support the overburden'and no force' is ' 
transmitted through the soil grains which therefore move freely 
with the ice in the fringe. ·A new lens develops at thls lower level. 
The model thus predicts where and when successive ice lenses will 
form.·' 
Upon lens formation the point of release of latent heat 
suddenly shifts causing minor perturbations. Ui drops to cr at the 
new lens,' U also increases and crI increases to a vaiue compatible 
w , . 
with the new U
w
" Ui ' and x; values (Fig. 2.6 t 3). 
Once the cold side temperature reaches its constant value the 
heave and penetration rates'decrease and successive ice lenses 
become'increasingly'further a~a~t and grow to a'g~eater thickness, 
which isin good qualitative agreement with observed phenomena • 
.£.10.5' Evidence to Support the Secondary Heaving Model 
At the time the concept ofa frozen f~inre was proposed there 
was little supportirig eviden~e, although Loch (1980) noted that in 
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the Soviet Union at least one paper (Feldman 1967) had been published 
which proposed that ice grows behind the freezing front. 
The ability of water to flow through already frozen ground has 
been confirmed by measurements of water content redistribution in 
closed system freezing tests (Dirsken and Miller 1966; Kudryavcev 
et a1 1973; Fukud~ et a1 1980) and in open system unrestrained tests 
(Mageau and Morgenstern 1979). Measurements of heave in the field 
(Mackay et al 1975,Kinosita 1975) indicate that heave occurs in 
already frozen ground. 
Direct photographic evidence of an ice lens growing at small 
negative temperatures has been obtained by Hoekstra (1969) and more 
recently using X-rays by Penner and Goodrich (1980) and Penner (1982). 
In Penner's restrained heaving tests the temperature at the base of, 
the ice lens was as low as -1.0°C which,for the prevailinQ 
,temperature gradient,was nearly 20 mm behind the zero isotherm~ 
The,experiments clearly demonstrated a reduction in lensin9 front' 
temperature with increased overburden pressureja result predicted 
qualitatively by the model (Miller and Koslow 1980). 
Recently the temperature gradient has been reco~:mi sed as an ," 
independent factor affecting heave (Wi1liams 1966, Loch and Kay 1978, 
Gorle 1980). The temperature gradient affects the thickness and 
permeabil ity of ,the frozen fringe. Loch and Kay and Gaskin, and 
Howie (1980) found that the heave rate decreased linearly with' 
temperature gradient, the effect being greatest at hi9h overburden 
pressures (when the frozen fringe is thickest). The secondary 
heaving model predicts this behaviour (Miller and Koslow 1980).; 
Penner and Ueda ( 1978), " have demonstrated a 1 inear decrease in 
heave rate with cold side temperature, however, in their apparatus, 
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cold side temperature may merely reflect the temperature 9radient 
(Gaskin and Powie 1980). 
Penner and Ueda showed that for their apparatus and a fixed cold 
side temperature, heave was proportional to time (t) and the rate of 
ice penetration proportional to If. By making certain simplifying 
assumptions Takagi '(1982) was able to solve exactly the system df 
equations of the secondary heaving model. The temporal relationships 
observed by Penner and Ueda were correctly predicted. 
The incorrect prediction of maxi~um heaving pressure given by 
the capillary model spurred the development of the secondary heaving 
model., The model predicts that any overburden will be lifted (~lthough 
the heave rate may be very small) provided the surface temperature. 
decreases far enough. The recent experiments of Takashi et a1 .(1980), 
however. indicate that for a given soil there is a limiting heave 
pressure which cannot be overcome no matter how low the surface 
temperature falls. This was attributed to the fact that at very low 
temperatures the moistu~e content is so low that th~ soil is 
. essentially impermeable. The concept that heave is limited by the 
soil permeability .is"the princ.iple on which hydrodynamic models are based. 
2~11 Hydrodynamic Models 
2.11.1 The Principles of Hydrodynamic Models 
By the early 1970's. computing techniques enabled the 
.formu1ation of numerical models which simu1atedheat and water. flO\",. 
Harlan (1971, 1973) developed one of the earliest of these hydrodyamic 
models though others (e.g. Guymon and Berg 1976, Tay10r andluthiri 
1976 and Outca1t 1976) improved on the basic model and the 
numerical methods involved. 
'. 
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In these models water flows through partially frozen ground, 
a frozen fringe, to an ice lens or zone of ice enrichment, the 
position of which is controlled by the local permeability. "The ice 
.pressure is assumed to be zero. It therefore appears impossible to 
simultaneously satisfy the requirements of continuity of flow (the 
Darcy equation) and the Clausius-Clapeyron equation (Miller 1977~ 
Thompson 1981). These models were stronaly criticised (Bresler 
. -
and Miller 1975) and Miller (1977) expressed doubt as to their 
long term utility. 
Recently, Konrad & Morgenstern (1980, 1981) and Morgenstern (1981) 
have adopted the hydrodynamic model as a basis for their 'engineering 
theory of frost heave! They ar0ued that open system freezing,where . 
water flows through a frozen fringe,is basically very different from 
the equilibrium thermodynamic situation (for which the Clausius-
Clapeyron is valid). This view has recently received support from 
developments in the field of irreversible thermodynamics 
(Forland and Ratkje 1980a,b) ... 
2.11.2 Irreversible Thermodynamics 
In the development of their equations Forland and Ratkje 
adopted a macroscopic phenomenological approach in which the frozen 
fringe was treated as a black box. They derived the equation 
2.31 
where'" v = velocity of water flow 
. 6T = temperature . difference across the frozen fringe 
[22 = coefficient which is an expression of the permeability 
in the frozen fringe 
4' 
.bU = porewater pressure difference across the frinoe . 
w -
A similar equation has been derived by Grechishev (1980) by considering 
the behaviour of the thin liquid films between ice and ~oil particles. 
His derivation began with the basic definition of Gibbs free energy 
(eqn. 2.1) but the intern~l energy of the pore water was not taken 
to be zero. 
,For v = 0 equation 2.31 reduces to the Clausius-C1apeyron 
equation for zero ice pressure (eqn. 2.12), however, under conditions 
of flow the two equations differ. Support for the idea that for 
v f 0 the C1ausius-C1apeyron equation is not valid may perhaps be gleaned 
from the experiments of Vignes and Dijekma (1974) •. They measured 
the flow through fine glass capillaries connecting a water bath to 
a growing ice lens; the measured flow was twice that predicted by 
the C1ausius-C1apeyron equation. 
2.11.3 An Engineering Theory of Frost Heave 
The theory has been developed for saturated, solute free, 
ideal granular soils and has been described by Morgenstern (1981) 
for a soil column frozen uniaxia11y in an open system. 
After applying the cold side temperature the frost front 
rapidly penetrates the soil and water is drawn into the sample. This 
flows to an accumulation zone, the location of which is controlled 
. 
by the local permeability. This thickens 'the unfrozen films and 
raises their free energy above that of the adjacent:ice; to'" 
restore equilibrium some water is frozen. The stress as the ice 
accumulates is released by upwards expansion which locally strains 
the ice matrix, which, because it is anchored within the soil, is 
. ' 
., 
forced to elongate. In this penetrating phase the'ice enrichment 
'. 
occurs at a given location for a short time and the ice can strain 
without breaking. 
" , 
As penetration raies decrease the water is able to accumulate 
at a given level for longer. The adjacent ice is strained to 
a higher degree leading to failure of the ice grains. Accumulating 
water now freezes to form a discrete ice lens which is unstressed. 
The ice ~elow remains fixed in place and is also unstressed. It 
forms a frozen region, or fringe, through which water must flow to 
the lensing front. 
As the freezing front advances, liquid continues to flow to 
. 
the lens provided the permeability and'suction are such that it is 
able to traverse the frozen fringe. Eventually the lens cools to a 
temperature at, which' the permeability in the upper part of the 
~ , 
fringe is so small that flow is essentially stopped •. Water now 
accumulates below the base of the former lens, the level being 
'·l 
governed by the local permeability. 
0; _,: ' l- , 
At the onset of formation of a new ice lens it is assum~d 
. 
that,for a given sofl, the,lensingfront h~s ,a particular temperature 
T . 
s': 
the segrega~ion freezing temperature. The thickness of the 
frozen fringe, ,d, is given by:-
, 
2.32 
where grad,T = temperature gradient across the frozen fringe/oCm- 1 
Assuming that this fringe has an ove~all permeability Kf . 
Darcy's law gives:-
kf{U - U ) 
v = s 0 d 
'~, ' 
2.33 
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where U = water pressure at the lensing front/m 
s 
U = water pressure at the freezing front/m 
o 
Combining equations 2.32 and 2.33 yields:-
U - U 
v = kf { S T 0) grad T = -SPo grad T 
S 
where SP = segregation potential of the soi1/m2 s-1 oC-1 . 
o 
2.34 
" ~ 
At the 1ensing front v = 0 and the Clausius-C1apeyronequation . 
for zero ice pressure (eqn. 2.12) is assumed to be valid. 
2.11.4 . Validating the Model 
Konrad and Morgenstern (1981) suggest that SPand U are 
o 0 
. fundamental phenomeno10gica1 properties of a soil which can be 
determined from laboratory tests. They froze soil columns, of 
different heights~ uniaxia11y in an open system, under different 
boundary temperatures., For a given warm side temperature (which 
they argued inf1uencedU ) a linear relationship was found between 
o 
velocity (v) and grad'T at the onset of terminal lens formation. 
The constant of proportional itywas equal to SP. This same relationship 
. 0 
has been obtained ·by others and is also predicted by Millers secondary 
heaving model (S~ction 2.10.5). 
Regarding equation 2.31, For1and and Ratkje considered that the 
primary driving force was the temperature difference ~T and that the 
pressure difference ~U was a phenomena resulting from water flow. ' 
w 
Recently,Perfect and Wil1iams (1980) have developed apparatus to 
directly measure thermally induc~d flow in frozen so~ls.' The results, 
when obtain~d, shbu1d proved a test o~ ~hecon~epts on which this model 
is based. 
" '. 
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2. 12 Adsorbed Fi 1 m Theory" 
. The adsorbed film theory of frost heave proposed by Takagi (1980) 
rationalises and improves upon the basic concepts developed earlier 
(e.g. Takagi 1965, 1977; Vignes and Dijkema 1974, Vignes-Alder 1976). 
This model has always been at odds with the others (Chamberlain 1981). 
In this model, the thin films of water between the soil particles 
and the ice lens are the source of the heaving force. Upon freezing 
these films.attempt to retain their equilibrium thickness-thus. 
generating a suction. The freezing of these films is termed 
segregation freezing. Takagi contends that freezin9 of pore water 
does not generate suction. The proportion of film water is 
controlled by the specific surface area of the soil particles which, 
Takagi contends; is the decisive factor in the heaving process. 
Therefore; although Takagi does not limit the model to a particular 
soil type, it appears to be more relevant to clays. 
In the more recent formulations, the model incorporates a zone 
of diffuse freezing similar to a frozen frin~e. A necessary 
condition of the model. is that air is contained in this zone ~lthough 
, 
Takagtis'not explicit as to the role that-it plays. 
The development of the model has been severely restricted 
because classical thermodynamics are inadequate for describing the 
behaviour of films during freezing. Takagi suggests that continuum 
mechanics, which has the potential to include molecular forces (and 
may thus quant.ify the solid-like stresses in the liquid films) could 
- , 
enable equations to be rigorously formulated. 
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2.13 The Factors which Influence Heave 
2.13.1 Saturated, Solute Free,Granular Soils 
. The capillary model, secondary heaving model.and engineering 
theory of frost heave have all bee.n formulated for. ideal 
granular, saturated and sol ute free soi 1 s. The following factors 
which influence heave have been isolated: (a)·the rate of heat • 
extraction, (b) the temperature gradient in the frozen fringe, . 
. . 
(c) the permeability of the unfrozen soil and the frozen frin0e, 
(d) the size of the soil pores, (e) the overburden pressure, 
(f) the thickness of the frozen fringe and (g) the temperature 
at the lensing front. The indications are, however, that (f) and 
(g) are a consequence of other factors such as permeability, 
overburden pressure and temperature gradient •. 
Dissolved salts in the pore water and air within the soil 
pores also influence heave. 
2.13.2 Solutes in the Pore Water 
, In a soil subject to progressive freezing, because of the 
innate perfection of the ice lattice, salt partitioning occurs at 
the ice/water interface (Cary and Mayland 1972). The inc~eased 
concentration in the liquid films further decreases the freezing 
point of the water,rough1y in proportion to the increase in 
concentration (Anderson and Morgenstern 1977) •. 
. flf T 
T' = o 0 [ 
where flf - the reduction in free energy due to the increased 
o 
'salt concentration. 
\ 
T~ = reduction in freezing point 
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It is, of course, common practice to add salt to water to 
prevent it freezing under the prevailing temperature conditions 
and the technique is sometimes used specifically to prevent frost 
heave (section 1.3 ). 
Because solutes increase the thickness of unfrozen films 
the permeability will also increase. Cary and May1and (1972) ~ 
attributed the increase in flow through soils of high salt 
concentration to this effect. 
, Hoekstra and Miller (1967) and Romkens and Miller (1973) 
attributed the movement of glass beads embedded in ice in response 
to a temperature gradient to the local depression of free energy 
caused by accumulating solutes. However,Cary and Mayland (1972) 
and other. investigators indicate that compared with suction forces, 
salt partitioning in freezing soils is unimportant in inducing flow. 
2.13.3 Air in the Soil Pores 
Williams (1968) noted that in partially saturated soils, ice 
should form in the liquid phase since this involves minimum free 
energy (interfacial energies are related a i :a -:a i = 3.2:2.2:1). a aw w 
This perception was echoed by Bresler and Miller (1975). The 
presence of air/water interfaces will lower the pore water pressure 
(eqn. 2.7) and thus the freezing point of the water will be raised 
(Williams 1968) by:-
6T = O.0073.6U i °c 
where 6Ui = ice pressure/kgcm-2 
Except for very high suctions, this effect is negligible. 
Despite these contentions that air will be excluded from the ice, 
Oirsken and Miller (1966) demonstrated that air moved into the pore 
ice forming in a close~ system. Strings of air,bubbles, possibly due 
to cavitation are commonly observed in the ice lenses in soils frozen 
in· an open system (e.g. Konrad and Morgenstern 1980): 
The open system freezing tests of Inqersoll and Berg (1981)' 
showed that in initially saturated soils the zone below the freezin9 
front desaturated thus reducing the permeability. Recently, however, 
Gorle (1980) noted an increase in heave, .in open system tests~ as the 
air content of soils increased. This he attributed to an increase 
in the activeic~/water interfaces b'elow the' ;~e 1 ens. . ,. 
The influence of air on freezing behaviour is thus unclear and· 
requires further investigation. 
" , 
'. 
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FIG. 2.1 ISOTHERMAL FREEZING OF AN IDEAL GRANULAR SOIL 
FIG. 2.2 ISOTHERMAL FREEZING OF AN IDEAL CLAY SOIL 
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CHAPTER 3 
METHODS OF DETERMINING FROST SUSCEPTIBILITY 
3.1 Introduction 
The search for a reliable method of evaluating the frost # 
susceptibility of soils has gone on since the early work of Taber 
(1929), Beskow (1~35) and Casagrande (1931). The abundance of 
tests' that have been proposed is evidence of the lack of 
success·in developing a comprehensive procedure. New methods have 
been developed because others have proved unsatisfactory for a 
particular combination of field conditions and material type. 
The methods of predicting frost susceptibility can be 
conveniently divided into two categories: direct and indirect 
tests. 
Direct tests are those in which a freezing temperature is 
, 
applied to a test specimen in the laboratory and measurements are 
made either of the frost heave, or of some other parameter 
. ., . 
connected with the heaving process such as thaw weakening. 
These methods have a great appeal to the highway engineer since 
road conditions and subsequent behaviour of the material durinq 
a winter freeze are to some extent simulated. 
In indirect tests, some other material parameter such as 
particle size distribution, pore size or permeability, which are 
, 
important factors controlling frost heave, are measured. These 
methods are potentially less expensive and may take less time than 
direct methods. 
It is important that the results from tests of either type 
give a true indication of the performance.of the material in the 
• r 
~: 
field. For convenience criteria from indirect tests are often· 
compared with direct test results so it is even more important that 
these reproduce field performance. 
Here, only the direct tests for which the results have been 
correlated against field performance are in general considered. 
• The tests are reviewed, specifically in relation to their potential 
use for judging the frost susceptibility of granular materials. 
3.2 Direct Tests 
3.2.1. The Desirable Characteristics of a Direct Test 
Before discussing the direct tests it is important to identify 
the ideal features of a test for use with granular materials •. 
(i) It is essential that the apparatus can accommodate· 
samples which are representative of the material as it exists in the 
field. 'It must therefor~be possible to compact sub-base materials 
containing particles of at least 37.5 mm in size to densities, and 
moisture contents, typical of those found in road pavements. 
(ii) The test snould be reliable, inexpensive and simple so, 
that engineering, and research laboratories, can readily conduct. 
tests and get reliable, reproducible, results. 
(iii) The test should be as short as possible. This is . 
particularly important when it is being, used to routinely check the 
quality of material being used for roadmaking because such material 
may, quickly become incorporated in the pavement. Pemoving material 
which is subsequently revealed to be frost susceptible would therefore 
be extremely costly. Also, in a short test there is less likelihood 
of the apparatus malfunctioning. 
Chamberlain (1981) identified 20 direct tests in which the 
heave of cylindrical samples frozen in an open system is measured. 
For only 7 of these had the performance of materials in the 
test been compared, even to a limited extent, with that in the 
field. ~These tests fall into two categories: 
(a) those which include the measurement of heave after a 
. single period of freezing, and 
(b) those in which the thaw weakening of the material is 
measured using a CBR test after a number of freeze/thaw cycles. 
3.2.2 Heaving Tests 
The relevant features of the heaving tests are given in Table' 
, 3.1. For the Romanian and Russian tests very 1 ittleinformation 
is available, however, it appears that the latter test is intended 
primarily for fine sub-grade materials. The Romanian test is' > 
. very similar to the, CRREL test (see below) but in addition it· 
involves the measurement of CBR thou9h no frost susceptibility 
criteria relating to this aspect of the test have been published • 
. The TRRL, CRRELand French tests have been widely used and a ' 
great deal of testing experience has been accumulated. In the 
French test the specimen is cooled by circulating fluid through 
a hollow metal cap. This arrangement combined with the, ' 
sophisticated confining cell makes the test costly and rather 
complex. The narrow specimens, < 75 mm diameter, are also unsuitable for 
testing coarse grained gran~lar soils. 
The Cold Regions Research and Engineering Laboratory (CRREl) 
test and the Transport and Road Research Laboratory (TRRl) test '. 
have been in use since the early 1950's though a number of 
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modifications have been made between the earliest and most recent 
descriptions of the test (Table 3.1). 
The CRRELtest is used by the U.S. Army Corps to assess the 
frost susceptibility of doubtful material. The s~mples are 
evacuated, saturated and cured in the test cabinet at +3.5°C • 
Four spe~imens contained in plexiglass cells are ~imultaneously • 
frozen from the top down under a small surcharge of; 3.5 kPa. The 
cabinet air temperature is gradually adjusted to give a constant 
rate of zero isotherm penetration of approximately 6 to 13 mm day-1. 
The TRRL test is used in many laboratories 'throughout Britain 
and the more recent versions of the test (Anon 1977, TRRL 1981) have 
been adopted by the Department of Transport in specifications for 
roadworks. The samples are wrapp~d in waxed paper and cured with' 
free access to water. Nine specimens are then simultaneously frozen 
with a constant air temperature of -17°C and a l':1in.imal surcharge. 
The resul ts from-these two tests were compared in a study by 
Sutherland and Gaskin (1973). Using pulverised fuel ash specimens 
they found that 'the frost susceptibi1 ity classifications from 
the two tests were similar. The TRRL test, hO\,/ever~ involved a simpler 
procedure and all the specimens in the batch were subject to the 
specified temperature conditions. The CRREL test relies on thermal 
" feedback from only one of the four specimens to control the zero 
isotherm penetration rates in every other specimen. It was 
therefore considered that different zero isotherm penetrations, 
outside the specification, could be set up in the other specimens. 
Both Chamberlain (1981) and' Jones (1981) have noted that 
maintaining a constant rate of frost penetration is an experimental 
liability as the air temperature'has frequently to be adjusted. 
Although the early CRREL test cell has been modified (Kaplar 1974) 
there is still a' problem with adfreeze between the cell and the 
specimen. This can lead to low heave values, particularly with 
coarse-grained materials (Chamberlain and Carbee 1981). 
Judging from the foregoing discussion the TRRL test appears 
preferable to the others for assessing the frost susceptibility olf 
coarse granular materials. 
3.2.3 Shorter Heaving Tests 
Most standard direct tests are rather long (the shortest of 
those listed in table 3.1 is 6 days). This has led to a number 
of shorter tests being developed. 
Kap1ar (1968) investigated the use of high freezing rates, 
using thermoelectric cooling, together with freezing at a constant 
surface temperature as in the TRRL test. "He concluded that tests 
could be shortened to 2-3 days using either technique. 
Zoller (1973) described a test developed at the University 
of New Hampshire i.n ~hich samples, 137. mm diameter and 152 mm tall 
are frozen at the rapid rate of about 100 mm day-l using. 
thermoelectric cooling devices. The total. frozen depth is 75 mm 
so that the test terminates after. less than one days freezing •. ' 
Zoller reports agreement with the CRREL test for the few comparisons 
. 
made after new higher heaving value criteria had been defined.· 
The test is now in use for the characterisation of questionable 
I 
New Hampshire materials (Chamberlain 1981). 
Horiguchi (1978), Loch (1977) and Jones (1981) have all shown 
that heave rate is strongly dependent on the rate of heat 
extraction. However, the correlation between the two variables 
I 
is not always positive. There exists an optimum rate of heat 
extraction at which heave rate is a maximum. Therefore, the 
assumption that at a higher rate of heat extraction all soils 
will heave at an increased rate, is not correct (Loch 1979). 
The behaviour of material frozen at high rates of heat extraction 
may not therefore correlate with the behaviour at the lower rates 
prevailing in the field. 
Dudek (1980) developed a precise freezing cell in which 
specimens, the same size as in the TRRL test, were frozen under 
a constant top temperature of -6.0°C which is similar to that at 
the top of TRRL test specimens. He found that the heave was 
much less than that obtained in the TRRL test because the 
surface temperature remained constant. (In the TRRL test the 
surface temperature falls as 'the specimen heaves). He did 
not, however, propose that the test replace th~ standard TRRl 
test because the apparatus was complex and more costly (three' 
times more expensive). 
Balduzzi and Fetz (1971) and-Fetz (1981)'described a 
frost heave test similar to the TRRL test.· Specimens are frozen 
in a self-refrigerated cabinet under constant boundary temperatures 
of -20°C and +10°C. Heave is compared with that of a control 
specimen of known performance after only 50 to 70 hours., Although 
the test is short~ the specimens, 56 mm diameter and 100 mm tall, 
are too small to accommodate coarse granular material. It has,' 
however, been suggested tha~ th~ standard TRRL test could be 
shortened to 100 hours or less without loss of accuracy (Gaskin 
1970, Kettle 1973, Jones and Hurt 1975) •. 
3.2.4 Tests based on Thaw Weakening 
Using the CBR test for measuring thaw weakening is a rational 
approach,particularly where the CBR test is used in designin9 
pavement systems, since it is the loss of strength on thawing 
and the subsequent break up of the surface under traffic which is 
a major cause of damage. • 
Brandl (1980) described a test in which compacted samples 
125 mm diameter by 150 mm hi9h were frozen at -15°C and then 
thawed at +20°C. Two freeze-thaw cycles were imposed for material 
to be used in secondary roads and four for main highways. These 
tests take 16 and 21 days respect1ve1y. The maximum allowable 
heave is 10 to 20 mm for secondary roads and 25 mm for main roads." 
The minimum CBR value allowable .is 20-25% for any type of road. 
Jessberger and Heitzer (1973) proposed a test where the CBR 
value after sev~nfreezethaw cycles taking 1 day each is used to 
determine frost susceptibility. The tapered samples, 147.5 mm 
mean diameter and 125 mm tall are·frozen at -18°C and thawed at . 
+18°C. t1aterial is tlassified as non-frost susceptible if the 
CBR value is greater than 20%. 
The test described by Brandl, in particular, is very lengthy, 
though both tests require rigorous testing procedures and produce 
only a single re~ult.· Thaw weakening tests also have the difficulty 
. 
that,having obtained an excessive moisture content in the form of 
melting ice, it is then difficult to control the movement of water 
within a specimen as it melts in such a way that it simUlates 
the behaviour on thawing in the road pavement. 
Nevertheless Chamberlain (1981) concluded that the CBR test 
after freezing and thawing should be considered as an additional' 
procedure in the frost heave test, particularly for sands and gravels. 
Work on bearing capacity loss in full scale test pits is currently 
being carried out at the Lausanne Research Institute (Dysli and 
Pfister 1982). 
3.2.5 Heaving Pressure and Pore Water Suction 
Pore water suction and its analogue heaving pressure have been 
linked to frost susceptibility for many years primarily by 
considerations involving the capillary heaving model which links 
these directly to pore size. 
Riddle (1973) described a closed system, pore pressure suction 
test in which samples were frozen very rapidly using a thermoelectric 
device •. The maxim~m suction, measured at the soil base, was 
achieved within 10 minutes - the test is thus extremely rapid •. 
No frost susceptibility criteria were given. Chamberlain (1981) 
has noted that in this,testthere appears to be no back pressuring 
system. It is therefore limited to soils with a maximum suction 
of pF 3.0, the cavitation pressure of water. Martin and Wissa 
(1973) developed a test which included such a system but concluded 
that,the same information could be ~ained by less involved heaving 
pressure tests in about the same-time - 7 days. 
Hoekstra et al (1965) observed that the maximum heaving 
pressure that develops during restrained freezing had a 
characteristic value for each soil. Hoekstra and Chamberlain (1965) 
suggested frost susceptibility criteria based on maximum heaving 
pressure in an open system freezing test. 
More recent tests, however, indicate that a maximum heaving, 
pressure is'not obtained, at least within the time span practicable 
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for a laboratory test. Wissa and r~artin (1968) proposed criteria 
based on the slope of the log.heaving pressure versus time curve 
obtained for silts in a fuJly restrained open system test. 
Adfreeze between a specimen and its container, which resists 
heave, is a serious problem in both restrained and unrestrained 
tests. These difficulties are compounded in restrained tests 
where the specimen is forced a9ainst the confi!1ing cell. For this 
reason they are not widely favoured for frost susceptibility 
testing. Very recently, however, I4cCabe and Kettl e (1922) 
detailed apparatus in which adfreeze is reduced to an insignificant 
level. Choosing an arbitrary minimum heave rate to indicate the 
end point of the test the variation in heaving pressure for a 
standard material was only 2% at a mean value of 300 kPa. The 
variation of heave in the TRRL test was 20-40% in terms of total 
heave •.. However, as indicated by Miller's theory of secondary 
heaving, the characteristics of the frozen fringe (the permeability 
of which controls heave) may be quite different when a material is 
restrained than when· the overburden is low (typically less than 
-12 kPa in a road sub-base). Furthermore,the apparatus is costly 
and the test complex • 
.. Heaving pressure tests are therefore unlikely to prove a 
practical alternative to unrestrained heaving tests. 
3.3 Indirect Tests 
3.3.1 - Particle Size Criteria 
Classification methods based on particle size are by far the 
most extensively used tests for determining the frost susceptibility 
of soils. They are cheap, rapid and require equipment readily 
available in a soils testing labor~tory. Chamberlain (1981) has 
identified over 120 different grain siz~ criteria applicable to road 
making materials. 
The simplest criteria require only a sieve analysis to determine 
the percentage of particles less than 0.074mm. However, in the 
different American states alone, the percentage-passing, above 
which material is classified as. frost susceptible; ranges from 5% to 
60%. Clearly, a level of fines which is acceptable in the soils of 
one state is unacceptable in those found elsewhere •. 
Alternative,and only slightly more complex criteria,which are 
the most widely used were proposed by Casa9rande (1931). All non-
uniform materials with more than 3% finer than 0.02 mm are excluded' 
though the limit is raised to 10% for uniform grain size materials. 
This method of course requires a sedimentation analysis in addition 
t6 the sieve analysis •. 
. Other criteria,. for example those used by the-U.S. Army Corps 
of Engineers (1965) also require the Atterberg limits to be 
determined though the method; like that of Linnell and Kaplar (1959) 
is based on Casagrande's criteria. Townsend and Csathy (1963), in a 
study of the field performance of frost susceptible criteria, found 
these three methods to be the most reliable though,in general,grain 
size criteria were found to be very conservative (i.e. they were 
very successful ,in rejecting frost susceptible soils, but they also. 
frequently rejected non-frost susceptible soils) •. 
Even more complex criteria require information on capillary 
rise and hygroscopicity (Beskow 1935), permeability Scheidig· 
1934) or mineralogy (brandl 1980). Such methods negate the 
basic simplicity of particle size tests. 
'. 
Results from TRRL frost heave test have shown that a 
wide range of frost heaves can be obtained for different ~ranular 
materials having the same Qradin0 (Croney and Jacobs 1967, Hurt 
1976). This difference in heave has been attributed to variations 
of the within particle pore size distribution in different types of 
rock (Nicholls 1970, Hurt 1976). Whilst particle size criteria may 
be a reflection of between particle pore size they do not reflect 
the within particle pore size. Pore size, rather than grain size 
criteria, are therefore more likely to correctly reflect the frost 
susceptibility of granular materials •. 
3.3.2 Pore Size Methods 
The capillary theory of frost heave emphasises the importance 
of pore size in controlling the suction at the base of the growino 
ice lens. This perception has ,led to many attempts to relate pore 
size to frost susceptibility. 
Townsendand Csathy (1963) measured the moisture content at 
various heights in a~soil column from which they were able to '. 
estimate the pore size distribution (eqn. 2.7).They determined a 
factor Pu = P90 /P20 (where Pgo = 90% pore size etc.) which they 
claimed was correlated with field frost performance; the reliability 
being better than any particle size method. Soils with Pu < 6 were 
classified as frost susceptible and Pu > 6 as non-frost susceptible. 
The, criterion therefore associates a rapid initial .desaturation 
with frost susceptibility •. Onalp (1970) also found some agreement 
between the Pu cr~terion measured with pressure membrane apparatus 
and the heave in a direct test •. 
G3 
Gaskin and Raymond (1973) disregarded those results of 
Townsend and Csathy which relied upon the extrapolating 
the pore size curve to find ~o. The criterion was then found 
to be no improvement on existing particle size methods. Further 
doubt must also be cast on the results since the method is an 
• adsorption technique where as frost penetration is a desorption 
process. Gaskin and Raymond also measured pore size using mercury 
intrusion and pressure plate suction tests. Their own results 
produced no correlation between any pore size, or pore size 
ratio, and the frost susceptibility of 36 soil samples. Reed et al 
(1979) also obtained pore size distributionsfor 32 soils using 
the mercury intrusion test. The best correlation with heave : 
results was obtained for a parameter based on cumulative porosity. 
The correlation was, however, extremely poor. 
Hurt (1976) suggested that the lack of agreement observed 
by Gaskin and Raymond and Townsend and Csathy could be due to 
experimental difficulties and the.fact that the maximum suctions 
were limited topF 2:0 whereas frost heave can certainly involve 
, . 
suctions capable of lifting water through more than one metre 
(pF 2.0). 
Hurt determined the rock suction characteristic of four 
limestone aggregates using an osmotic suction apparatus and also 
" . 
measured their heave in the TRRL test. For a given particle size 
distribution he obtained a linear relationship between pF 70 
(the suction in pF at 70% saturation) and heave in the TRRL test. 
The materials were infact ranked in order of heave between pF 90 
and pF 50. He tentatively concluded that a pF 70 value greater 
than 2.5 would indicate possible frost susceptibility. 
Wi11iams (1967) suggests that the air intrusion value obtained 
from the soil suction characteristic could be used to determine the 
frost susceptibility of soils. However, the curves obtained for 
aggregates by Hurt (1976) and Thompson (1981) do not show a marked 
air intrusion value. Thi~ method is therefore unlikely to be 
successful for granular materials. 
3.3.3 Permeability Criteria 
For a given suction at the ice lens the transfer of water, 
and thus heave, is controlled by the permeability below the lens. 
In the capillary model of frost heave (section 2.9). if the'air' 
entry value of the soil below the lens ;s not exceed~d. ;twill 
remain saturated. It may thus be expected that the saturated' 
permeability will govern heave. 
, , 
Onalp (1970) obtained data from a wide variety of soils and 
suggested that those with permeabilities less than 10-Ztand greater 
than 10-~rwould be non-fr~st susce'ptible~ 
. 
Johnson and Kettle (1980) gave results for tests on chalk and 
bentonite mixtures in which they found only 6 out of 20 samples 
tested satisfied this criterion. Similarly the results obtained by 
Hurt (1976) do not s:upport Onalp's conclusion's. The experimental 
evidence therefore suggests that a widely appli~able relationship' 
between frost susceptibility and permeability ;s unlikely to exist 
when measurements are made at 100% saturatio~. 
'In more recent models (sections 2.10 a~~ 2.11) frost heave 
is controlled by the permeability ina narrow frozen frin0e below 
the ice lens. It seems likely therefore that unsaturated 
permeabil ity will reflect frost, ~usceptibil ity. Indeed,) from 
experiments in which chemical additives were used to reduce the 
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permeability of freezing soils, Brandt (1972) concluded that! 
unsaturated permeability should be seriously considered as a major 
frost susceptibility criterion. 
The only criterionbased on uns.aturated permeability \>./as 
proposed by Wissa et a1 (1972). They applied suctions to the 
pore water of a number of soils thereby desaturating them. The 
hydraulic conductivity was calculated USin9 Darcy's law, by 
forcing water through the sample and monitoring the outflow and 
the pressure drop across two piezometers placed in the sample; 
• 
the test took 3 days. They assumed that the bubbling pressure 
potential represented the suction that governs flow durin~ frost 
heave. The product of permeability at this suction (the saturated' 
permeability) and the suction itself was therefore proposed as a 
basis for classifying soils. 
Later work, however, revealed the'apparatus to be unreliable 
and a poor correlation between heaving test results and the 
proposed frost susceptibility criterion was obtained (Cumberledge 
and Hoffman 1976). The difficulty of determining unsaturated 
permeability is confirmed by the recent work of Thompson (1981). 
A pressure cell permeameter has recently been developed by 
Ingersoll and Berg (1981) for the measurement of unsaturated 
permeability in fine grained soils at pore water suctions up to pF 2.9. 
This apparatus has proved reliable and is routinely used for a 
wide range of soil types including granular materials. No frost 
susceptibility criteria have, as yet, been suggested. 
Althou9h unsaturated permeability is a factor which, in the 
. 
more recent models (sections 2.10 and 2.11). is important is controllin~ 
frost heave, the determination of unsaturated permeability requires 
(6 
sophisticated and delicate equipment •. Tests involving such' 
measurements are therefore unlikely to replace other tests for 
routinely assessing frost susceptibility. 
3.4 The Most Promising Methods for Assessing the Frost Susceptibility 
• of Granular Materials 
To maintain simplicity direct frost heave tests which use 
constant boundary temperatures are preferable, though the specimens 
should be able to accommodate particles of at least 37.5 mm diameter. 
The foregoing review indicated that the TRRL test most nearly 
fulfilled these criteria. However, further work is required to 
reduce the variability of the results and to shorten the test 
duration. The next chapter is dedicated to a thorough review of 
the background and development of the TRRL test. The object 
being,to isolate possible areas where the test and its associated 
frost susceptibility criteria may be improved. 
Of the indirect tests, the pF 70 criteria proposed by Hurt (1976) 
based on osmotic suction test measurements appeared the most 
promising. Indirect tests based on the measurement of 
unsaturated permeability are expensive and complex. However, an 
estimate of unsaturated permeability can be made from soil suction 
curves. It may, therefore, be possible to indirectly assess the 
frost susceptibility of materials from their soil suction curves. 
, These two. methods of assessin!! frost susceptibil ity are; 
investigated for a wide range of granular materials in Chapter 11. 
Scecimen 
Detail s 
'. 
, 
Boundary 
Conditions 
IE:st 
Duration 
Country Fr3r.ce Romania USSR USA 
Institution Laboratoires d~s ponts Polytechnic Inst. Leningrad Branch of CRREL 
et Chaussees (LPC) of Jassy All-Union Highway 
Research Institute 
SourcesEarliest Aguirre-Puente et a1 (1970) ? ? Haleyand Kapler (1952) 
Latest Livet. (1981 ) Vlad (1980) Vasilyev (1973) Chamberlain and Carbee 
• 
(1981 ) 
Field Validation Unc.ertain Yes 1 Yes 1 Yes 1. 
Diameter/mm 75 100 100 143 
.. Height/m 250 200 80/100 152 
Preparation) Proctor. Proctor. Opt.Moist Ha rrrne r Vibratory ~lethod ) Cont. 
Curing Method Soaking Vacuum Capillarity Vacuu~ 
Specimens per 6 ? 4 test 
cTemperature;DC -S.i' Variable t Variablet ' -5.0 
Top Controi Method Circulating fluid Circulating air Circulating air Circulating air 
. '0 
+1.0 +4.0 ? +3.5 TEmperature/ C I 
Bottom ! 
Control Method Heated water Circulating air Heated water Air cooled water 
Curing/hours .. 18 ? ? 18-24 
F,-eezing/hours 150-200 360 190-215 290-5$0 
Cost per test High Low low low 
Stmpl icfty . Complex Complex Simple Complex 
Notes tRate of. zero isotherm tRate qf zero isotherm 
ppnetration controlled penetration controlled 
lOmm day .1 , 6-1 CXnr.I day 
Measur~d Variable jFrp.t:zir~ Index p 
P/ (mm9:-~ h -1) 1 ; Class 
<0.05 NFS 
0.05-0.40 FS 
Av. heave rate/CBR Heave Ratio Rh Av. heave rate/lir· 
Change hr/l1Y11~day -1 Av. haave rate ~h/~ Class Class 
criteria as for 
.;2 NFS ·0.0.5: . NFS CRi\EL test. 
2-3 MFS 0 .. 5 ·1.0 VLFS 
>0.110 . VfS CBR Criteria not >3 FS 1.2 LfS given i 
2-4 1 MFS 
4-8 HFS 
>8 . \IHFS 
TABLE 3.1· DIRECt OPEN SYSTEM FROST HEAVE TESTS WITH FROST SUSCEPTIBILITY CRITERIA 
VALIDATED AGAINST FIELD PERFORMANCE (AFTER CHAMBERLAIN 1981) 
68 , 
Great Britain 
TRRl 
Croney and Jacobs {19G7) 
Sherwood {lS81) 
Field Experience 
102 
152 
Proctor/Vibratory 
Capi11 ari ty 
9 
-6.0 t 
Circulating air 
+4.0 
Circulated heated water 
24 
256 
V. low 
Simple 
tSpecimcn tempel'ature; . 
Air temperature -17°C. 
Total heave'et 250h/h2~O 
h:so/mm Class 
.<13 NFS 
13-:-18 MFS 
,.18 VFS 
CHAPTER 4 
THE TRANSPORT AND ROAD RESEARCH LABORATORY 
FROST SUSCEPTIBILITY TEST 
This chapter investigates the background and development of 
the Transport and Road Research Laboratory frost susceptibility 
test. ,The test was developed primarily as a research tool but 
was later incorporated as a compliance test in the pavement 
design specification. ' This altered the context in which the test. 
results were interpreted and led to difficulties because of the 
wide variation in the results obtained. The work undertaken to 
reduce this variability is described along with the proposals for 
further modifications with which much of the research described in 
this thesis is concerned. 
4.1 Designing Pavements Against Frost Damage. 
Frost damage to English roads was observed during the severe 
winters of 1939/40 and 1946/47 (Croney 1949, 1977) ,and in one county 
in 1956 and 1959 (Grainger and Salt 1961). In Scotland during the 
1962/63 winter,' frost heave in road pavements was widespread and 270 
sites where damage, occurred were investigated (Lake et al. 1963). 
In the majority of these cases heave occurred in old,poor1y 
maintained,roads and the extent of the damage was limited by closing 
the road during'the critical thawing period when the bearing capacity 
W'Q.s lowest.· Whilst the surfacesof concrete roads be,nJ..J..to return to 
their origina11evel after thawing,it was often necessary to re-surface 
flexible pavements to reseal the road and restore the riding quality. 
A more serious problem, however,w&s the damage to three motorways 
which occurred during the winters of 1959/60 and 1962/63 (Croney 1977). 
,'. 
Repairing the damage to these roads was extremely costly and caused 
serious disruption to traffic flow. In the case of the M6 Preston 
Bypass, it was necessary to replace the upper 200 mm of the centre 
and slow lanes at a total cost of £0.80 million (Grace 1981b). 
Inresponse to the obvious need ~or a safeguard against damage 
to roads, a clause was incorporated in the ~uide to Structural Design 
, . 
of Flexible and Rigid Pavements for New Roads' (Road Note 29, 1965 Edition) 
which stated:-
"Sub-base material used within 450 mm of the road surface should 
; 
not be susceptible to appreciable frost heave as defined by the 
Road Research Laboratory test". 
This clause was incorporated in subsequent issues of the 
, . 
Specification for Road and Bridge Works (DOE 1969 and later D.Tp. 1976). 
In these publications the ~uggestions were also made that: 
(a) "Whenever practicable the water-table should be prevented from 
rising to within 600 mm of the formation leve1 11 and (b) "it is 
important to provide efficient drainage to remove water from the 
subgrade and any other layer of , the road both during construction 
and during the iife of the road. Waterproofing of the various layers 
during' construction e.g. by sealing may also be desirable". 
There are three prerequisites for frost heave to occur beneath 
roads. (a) The zero isotherm must be sustained within the unbound 
materials (which may include the subgrade) for ~ sufficient period. 
(b) There must be an adequate supply of water' to the freezing point. 
(c) The materials must be frost susceptible. 
The extent to which each of these factors is considered in the 
design, clause is discussed in the following sections. 
'. 
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4.2 Penetration of Freezing Temperatures 
Based on experience during the winter of 1946/47 it was noted 
. . 
(Croney 1949) that winters severe enough to cause frost damage 
occurred on average every eleven years between 1847 and 1947. 
Recent1~ such winters have been"less frequent,occur~ing only in 1962/63 
and perhaps very recently in 1981/82. Potentially damagingwi~ters 
can, therefore, be expected to occur between 2 and 4 times during the 
recommended 40 years design life of most roads (Road Note 29,RRL 1970) 
The maximum frost penetration under a grass cover, measured 
during severe winters at Harpenden experimental station was 400 mm. 
, . 
From isolated measurements during the 1962/63 winter. Croney concluded 
that an extra penetration of 30-40% occurred under bitumen and concrete. 
Thus, although local conditions of exposure have some influence, a 
maximum depth of frost penetration of 500-550 mm is likely to be 
generally applicable in Britain. 
"In 1946/47 comparati~e1y little damage occurred on major roads 
not built on chalk because frost did not penetrate further than the 
normal pavement thickness of 300-450 mm" (Croney 1949). Based on 
this evidence it wai stated that "frost rarely penetrates more than 
300-450 mm below the road surface in this country". It is presumably 
on thi s evidence that the cri terion of 450 mm of non-frost susceptib1 e 
material is based. 
By measuring the severity of a winter in terms of the freezin~ 
index (section 1.2) the depth of frost penetration can be predicted 
, 
(Aldrich 1956, Argue and Denyes 1974). The freezing index during 
British winters is influenced by geographical location. For example, 
during the severe winter of 1962/63, coastal areas (and some other areas 
including Cornwall and Fifeshire) had a freezing index of less than 
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560 C days compared with over 2780 C days in central upland locations 
(Fig. ,4.1). These differences were reflected in the observed 
incidence of frost dama~e to Scottish roads. In contrast to 
the rest of Scotland, western areas and (in th~ east) Fifeshire did 
not suffer extensive frost damage (Lake et al 1963). For some 
regions, therefore, the frost heave design criteria may be rather 
severe. 
In 1977 the TRRL proposed that the influence of ' geographical 
location on climate should be investigated (TRRL 1977). Recentl~ 
meteorological records have been examined and a report,aimed at 
linking depth of frost penetration to geographical location~is being 
prepared (Sherwood 1981). 
4.3 The Availability of a Water Supply 
A recurring feature of many of the recorded cases of frost heave 
, 
damage was the probable existence of a perched water table on an 
impermeable sub-grade. In the investigation of failures in Scotland 
during the winter of 1962/63,60% of the sites had a water table within 
750 mm of the road surface. It has been suggested that a contributory 
factor to the M6 motorway damage'was poor sub-base permeability and a 
b~eak down of the drainage system (Grace 1981b). 
The link between the water table level and the degree of frost 
damage has been investigated by the RRL and later by.the TRRL in 
'.' c ' '- . 
two series of experiments (Jacobs and Weit 1966, Burns 1977a). Both 
sets of experiments used a 3 m long by 1.5 m wide concrete-lined pit. 
installed in the floor of a large refrigerated room ·the temperature of 
which could be reduced to -17°C. 
{In the first series of experiments the air temperature 
was l.owered in such a way that the .zero isotherm penetrated. , 
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through a non-frost susceptible sub-base into a frost susceptible 
sub-grade mirroring the penetration rate observed in the winter of 
1962/63. Water table levels of 1200 mm, 600 mm and 300 mm below 
the road surface were used. 
Except at the lowest level frost heave occurred and C.B.R. 
values were temporary reduced by factors of 2 to 3 after thawin~. 
It was concluded that,for clays of liquid limits not less than 30%, 
serious heave and thaw weakening occurred only when the water table 
was within 600 mm of the sub-base (c.f.recommendations of the design 
clause with regard to water table). 
In the second series of experiments (Burns 1977a) a frost 
susceptible limestone sub-base lay over a non-frost susceptible sandy 
gravel .. The air temperature above the road was maintained at -170C 
during each of the 21 tests at different water table levels. The 
results showed a strong linear relationship (Fig. 4.2) and, although 
there was considerable scatter, they confirmed that heave is reduced 
as the depth to the· water table increases. For chalks, however, 
field evidence. indicates that heave is independent of the depth of 
the water table, at least in the range 150-600 mm (Croney 1965). 
. ' 
Neither of these experiments was directly concerned with the 
effect of the permeability of the sub-grade. However, when an'attempt 
was made to use si1ty clay apparently similar to that used in the 
first series of tests, it proved to be practically impermeable and no 
heave occurred (Burns 1977a). Similarly, when frost heave specimens 
madeof.frost susceptible materials overlying a 50 mm layer of London 
Clay were tested, the heave was reduced to negligible proportions 
(Jones and Berry 1979). 
More recently a series of tests using composite frost heave 
specimens and a range of water table depths revealed the difficulty 
of predicting the frost heave of various sub-base and sub-grade 
combinations even when the heave of the two components was known 
(Thompson 1981). The results did, however, reflect the general 
trend towards decreasing heave with increasing depth to the water table. 
This supports the philosophy that the depth' of the water table 
below pavements should be limited by providing adequate drainage and 
• 
a waterproof surface. 
The comment has however been made that, "unfortunate1y there 
is no such thing as a competely waterproof surfacing and the only 
thing that can be guaranteed about a so-called impervious surfacing 
is that it will leak somewhere and let the water through. It will 
also effectively prevent any drying out of the base materials by 
evaporation" (Grace 1981a). The intensity of debate at the recent 
UNBAR Symposium at the University of Nottingham on the problem of 
providing drainage is testimony to the current inadequacy ,of, knowledge 
and the lack of a successful drainage technique which will last for the 
design life of the toad. 
For the present, therefore, it is sensible to assume the worst 
(i.e. that free water exists above formation level) and ensure that 
material in the zone where freezing temperatures may occur is non-
frost susceptible. 
4.4 Identifying Frost Susceptible Material 
4.4.1 The LR90 Frost Heave Test 
To investigate the frost heave damage caused by the winters of 
1939/40 and 1946/47 the Road Research Laboratory (RRL) developed a 
direct frost susceptibility test (RRL 1952). At this time very little 
work had been done in the field of frost susceptibility, the notable 
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exceptjons being the pioneering works of Casagrande (1931), Beskow (1935) 
and Taber 0929). The test adopted by the RRL was based on one originally 
developed by Taber (1930).Specimens were subjected to unindirect-
ional freezing from their upper surface whilst the bottom face had free 
acces's to water. Constant boundary temperatures were applied and the 
heave was measured directly as proposed by Winn and Rutledge (1~40). 
The test details were formally published in LR90 (Croney and Jacobs 
1967) although the test had been in use for some time (Jacobs 1965, 
Jacobs and West 1961). 
4.4.2 The LR90 Test Procedure 
The specimens were prepared by compacting material into a slightly, 
tapering (102 mm diameter by 152 nun long) cylindrical mould. This was 
assembled over a lower end plug which was held 25 mm from its innermost 
pos:ition by a suitable spacer. Sufficient material to produce one 
specimen was then transferred into the mould accompanied by continuous 
dynamic compaction with a 38 mm diameter wooden rod. The upper end 
cap wa~ i~serted,the spacer removed, and the material siatical1y 
compacted using a compression machine. 
Immediately after extruding the specimen, the curved sides were 
wrapped in wax paper leaving a 50 nun upstand'at the top face. A, 
cardboard top cap (98 mm diameter) was placed on the top of the 
specimen which was then placed on a porous ceramic disc (102 nun diameter 
by 13 mm thick) and located in a copper carrier. The specimen was 
placed in one of nine positions in a lagged freezing cabinet and the 
intervening space filled with coarse dry sand to slightly above; the 
top of the specimens. Vertical push rods supported by transverse 
metal bars (in which they were free to slide) were located with their 
lower ends in dimples in the centre of the top caps. Water was added " 
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using a stand pipe and an overflow was fitted to prevent the level 
rising above the top of the ceramic discs (Fi0. 4.3, tindicates 
~odifications made in later work). 
After 24 hours the initial height of the push rods was measured 
and the cabinet was wheeled into a cold room operating at -17°C. 
The water in the bath was maintained at +40C by ? thermostatically 
controlled electrical heater. At successive 24 hour intervals the 
height of the push rods was measured and water at +4oC added until 
overflow occurred. After 10 days in the cold room the final 
measurements were made and the cabinet removed. The specimens were 
stripped of their supports and photographed. 
4.4.3 Comparison of Test and Field Conditions 
During the 10 day freezing period the specimens gradually heaved 
recording a maximum value at the end of the test. Most materials 
heaved to a certain extent. Chalks, the most susceptible material 
tested, heaved over 200 mm. As freezing continued, the zero isotherm 
gradually penetrated through the specimen until, after about 6'days of 
freezing, an equilibrium temperature distribution was established. 
An almost linear temperature gradient was obtained with (in non-frost 
susceptible specimens) a zero isotherm at 56 mm from the base and a top 
temperature of -5.60 C. In the field,lO days cif freezing during which 
the night temperature falls below about -5°C near the road surface, 
followed by day temperature below freezing point, yields a penetration 
of over 380 mm (Croney 1949). 
The temperature gradient, and so the suction gradient, in the 
vicinity of the zero isotherm was greater in the"test than in the field 
and the water table was also closer to the zero isotherm than in most 
I 
field situations. The test conditions were, therefore, rather severe 
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in relation to the conditions likely to prevail in Britain during a 
very cold winter (Croney and Jacobs 1967). Nevertheless, heave in the 
LR90 test provided a suitable index to the performance of materials in 
the fi el d duri ng the severe frosts of 1940 and 1947. 
4.4.4 Frost Susceptibility Criteria 
• 
Subgrade materials from sites where frost failures had occurred 
were subject to the test together with other material which had 
apparently been satisfactory under similar conditions. From this, 
work it was concluded that materials which had a maximum heave of:_ 
(a) less than 13 mm were satisfactory, 
(b) 13-18 mm were marginally frost susceptible, and 
(c) over 18 mm were very frost susceptible. 
Since the main function of the sub-base is to replace frost susceptible 
soils the same criteria were subsequently applied to sub-base and road 
base materials (Croney and Jacobs 1967). 
Since the publication of LR90 road building techniques have 
improved.' Stiffer gap graded asphalt surfaces, which are more 
resilient to cracking,are more widely used than the continually'graded 
macadams of the 1940's. Such ro~ds have been observed to heave up~­
to 13 mm in Scotland (Lake et a1 1963) and up to 10 mm on a test 
section on the Al. in Cambridgeshire (Croney 1977). These roads, 
however, subsequently settled and obtained their former strength after 
1 to 3 months with noapparent long term damage. 
It would seem, therefore, that for roads built to modern standards 
the criteria proposed by Croney may be rather conservative. To check 
whether this is so the Scottish branch of the TRRL made preparations 
to record the damage due to frost heave, in pavements of recent .' 
I 
construction, where frost susceptible materials had been included in 
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the sub-base (TRRL 1972). Full scale experiment using a series of 
sub-bases with different frost heaye characteristics (TRRL 1973) were 
also planned but no further information on these experiments has been 
published. 
4.4.5 Indirect Assessment of Frost Susceptibility 
For a number of categories of material, conclusions were drawn 
relating the performance in the test to some other index property. 
(In the case of granular materials this was the grading and saturation 
moi sture content). In a few inst.ances the experimental evidence .' 
reported in LR90 did not fully support these conclusions, bowever, in 
the majority of reported cases of frost damage to English roads, a 
chalk or silt subgradewas responsible and these materials could have 
been identified by undertaking a simple index test. 
In approximately 20% of .the 270 sites of frost damage investigated. 
. .'
in Scotland in the winter of 1962/63, the material in the freezing 
zone was non-frost susceptible as judged by the indirect meth.ods. 
Thus, whilst index testing .. W:?:S:'::;" satisfac~ory in some instances, the 
safest approach ~sto actually test the materials in question and a 
number of establ'ishments have, equipped themselves to undertake the LR90 
frost susceptibility test. 
4.5 Early Experience with the LR90 Test 
In the early 1970's about five establishments, including the, 
University of Nottingham, were equipped to undertake. the LR90 frost 
. , 
heave test although attempts at using Self Refrigerated Units (SRU's) 
had begun. 
The frost heave results recorded were however, extremely variable:-
l3 
(i) For a wide varietyof burnt and unburnt colliery shales, the heave 
of specimens of the same material, prepared in the same way, and 
tested in the same cabinet, varied by about 60% of the mean. A 
" systematic variation was also noted depending on the position of the 
specimen in the cabinet (Kettle and Wi11iams 1973). 
(ii) For sand and limestone filler mixtures,the mean heaves of pll 
nine specimens tested in one cabinet varied from the mean ob~ained 
in a different cabinet and the mean obtained at a different time in 
the same cabinet (Table 4.1, series 1 and 2). 
The magnitude of these variations was such that the heave of a 
marginally frost susceptible specimen could fall into anyone of the 
three frost susceptibility classifications and by testing an identical 
sample in a different cabinet or,in the same cabinet at a different 
time the classification could change. 
This unsatisfactory situation, combined with the length of the 
test, caused problems at both the tender and contract stages and 
led to strong criti~ism of the test (e.g. Ske1ton-Smith 1975). 
In 1971,as part of an investigation into the reproducibility 
of the LR90 test. eight laboratories measured the heave of three materials 
-, a slag, a gravel, and a whinstone. . The reproducibil ity was found to 
be very poor and on the basis of the results obtained it would have been 
difficult to use the test as a valid means of control (RRL 1971). 
The reason for the difficulties was primarily because the test 
was developed as a research tool and the temperature regime and method 
, . 
of specimen preparation were insufficiently detailed. Subsequent 
research therefore concentrated on improving the testing apparatus 
and the methods of specimen preparation. 
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4.6 Improving the Testing Apparatus 
4.6.1 Modifications to the Freezing Cabinets 
The LR90 test procedure states that the cold room should be 
operating at -17°C and that the thermostat on the freezing cabinets 
should be set at +4°C. Measurements revealed that variations of 
water temperature immediately beneath the porous discs were often 
in excess of the prescribed LR90 controller tolerance (±0.50C) (Jones 
and Hurt 1975, Hill 1977a). This was partly due to the lack of 
convection currents to aid mixing 'when the surface temperature fell 
below +4°C. ' ' 
Theoretical considerations and experimental observations indicate 
the importance of maintaining steady boundary temperatures if reproducible 
results are to be obtained. ,The Nottingham University fre,ezing 
cabinets were therefore modified (Fig. 4.3) (Jones and Hurt 1975) by:-
(i) ,the addition of a stirrer, 
(ii) the use of a vertically mounted mercury contact 'thermometer 
, (tolerance ±O.loC) to control the water bath temperature (the 
original thermostat acted as a fail safe device), 
(iii) the use of vermiculite in place of the coarse sand, '. 
{iv} ,the substitution of 102 mm diameter tufnol top caps in place of 
the waxed cardboard discs, and by 
(v) using a battery operated water level 'detector to overcome problems 
associated with the freezing of the overflow pipe. , 
, The between tdo-.I and between cabi net heave variabi 1 ity in these 
modified cabinets was greatly reduced, though surprisingly, the within 
unll: variability was improved very little (Table 4.1, series 3' and 4). 
The mean heave of the specimens was, however, increased most probably 
because 'intermittent thawing peripds, which interrupt terminal ice lens. 
growth, were reduced (Jones and Hurt 1975). The heaves corresponding to 
the values previously obtained after 250 hours were achieved in only 
70 hours in the modified cabinets. 
These cabinets were used in the research reported in this thesis. 
Whilst the above changes improved the temperature regime within 
i 
the cabinets,theyJf~~tprevent the variations in air temperature which 
occurred, (a) between different tests with the same cabinet in the same 
cold room (Burns 1977b), and (b) between different cold rooms, although 
both may operate at -17°C ± 1°C (Fairley 1980). 
These problems combined with the size, expense and the difficulty 
of monitoring temperatures led to the development of Self Refrigerated 
Units as an alternative to cold rooms for frost susceptibility testing. 
4.6.2. The Development of Self Refrigerated Units 
4.6.2.1 Chilled Tank Units 
The development of Self Refrigerated Units (SRU's) ·commenced with 
the adaptation of a commercially available chilled tank deep freeze 
(Nellist 1967). This unit was capable of testing six frost heave 
cylinders, arranged in two offset rows of three. Some difficulty 
in maintaining the required air temperature (-17°C) was however 
encountered, especially during hot weather and the correlation of the 
heaves with those obtained by Croney's LR90 apparatus was poor. 
A slightly later design had,chiller coils arranged at'the top 
of the tank, giving a potentially better air t~mperature distribu~ion. 
However, this apparatus was operated in a +4°C room which,although 
simplifying the control of water temperature, meant that the 
flexibility of operating in any ambient temperature was lost (Onalp 1970). 
Reverting to the basic design of Nellist, but using a more 
powerful unit and refrigerant, a unit capable of testing eight specimens, 
I.
arranged in two offset lines of four was developed {Kettle and Williams 
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1973). Although the depth of penetration of the zero isotherm was 
. about 10 mm lower in the end two specimens, in the important heave range 
«20 mm), this unit showed good agreement with results obtained in a 
cold room. Virtually all the materials tested were colliery shales. 
This work led to the development 'of a commercially available unit, and 
subsequently other investigators have modified and developed the.chilled 
tank units produced by various manufacturers. ' 
The unit developed at the University of Nottingham (Onalp 1978, 
Dudek 1977) was used in this research. It has a water bath and specimen 
support cradle with dimensions similar to those of the LR90 freezing 
cabinets {Fig. 4.4). Coolant is circulated through coils located behind 
the tank walls to reduce the air temperature. This is controlled at 
-17°C ± 1.OoC using a mercury in steel capillary sensor, linked to an 
indicator controller which switches on and off the compres'sor. In 
order to reduce the observed difference in temperature between the 
specimens a small fan has been incorporated. 
As manufactured. the water bath was cooled by the refrigeration 
coils located beneath the bath floor. However, large fluctuations of 
the water bath temperature,linked to the on/off switching of the 
compressor, occurred. ; This problem was overcome by usin'g an independent 
water cooler. The water temperature js sensed using either a mercury contact 
thermometer and relay, ~r a thermistor and feed back device. Although 
neither has proved more accurate than the other'the thermistor has the 
advantage, for research purposes, that the mean te!l1peraturein the " 
water bath can be altered. These sensors are linked to a heater mat 
. covering the bath floor which back heats the water. To maintain an 
ev~n temperature, water is circulated by extracting it from the centre 
of the bath and pumping it back through a sparge pipe located round 
I • 
the edge. 
H2 
The unit is capable of maintaining water temperatures of 4 ± O.35°C.: 
The water level is automatically maintained using a Mariotte vessel. 
A chart recorder provides a continual trace of air and water 
temperatures thus enabl ing malfunctions to be detected •.. 
The heaves obtained by this unit (Table 4.1, series 5) were in 
good agreement with ,those produced by the modified freezing cabinets. 
Chilled tank SRU's based on this prototype are now produced 
commercially by P.S. Snow and Co., of Leicester. 
4.6.2.2. Forced Air Units 
., A forced air unit was being developed independently (Anon 1971) 
at approximately the same time as the chilled tank units.: This unit 
can be 1 i kened to a sma 11 cold room. An e 1 ectri ca 1 fan drew air 
from the space above the specimens, through a cooling unit, and back onto 
the specimens. It was capable of testing 9 specimens in a similar 
_ , ' -c , 
arrangement to the LR90 test. Heave was claimed to be independent of 
specimen position. 
In later units (Hill 1977a, Dudek 1977) (Fig. 4.5.) the water. 
temperature was controlled using a mercury contact thermometer linked 
to heater tape near the bottom of the water bath •. An interna1.submersible 
pump recirculated the water through a sparge pipe to reduce temperature 
variations. Mercury in steel capi1larie~ controlled the air temperature. 
but, . to produce an even temperature over. the spec imens, baffl es had to . 
" " '.' ' ~, ',\ -,. ',' 
be incorporated (Hill 1977a). ,Frosting problems were reduced by mea'ns of; 
_a moisture absorption core but defrost periods (minium 5 minutes) occurr~d 
at intervals of 2 hours or more. 
There is some difficulty, however" in selecting the air temperature 
I 
setting at which forced air units should operate since a setting of.~17°C 
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gives temperatures at the top of the specimens well belo~ those in the 
LR90 test. One approach is therefore to match the top of specimen 
temperature to that obtained in the standard test. In the absence of a 
better solution this approach is reasonable, however, the temperature at 
the top of specimens is likely to be influenced by their thermal properties 
as well as the air temperature. I 
, 
Forced air units have, for sand/limestone filler specimens, produced 
similar heaves to both cold rooms andchi11ed:tank SRUis (Table 4.i, 
series 6, c.f. series 3, 4 and 5). 
4.7" Reducing Specimen Variability 
4.7.1 Maximum Particle Size 
In LR90 it was recommended that the results of what is now Test 12 
of BS 1377 (1975) should be used to indicate the dry density and moisture 
content at which to prepare frost heave specimens. Ih this test the 
maximum particle siz,e (0100') is limited to 20 mm, '~hereas the 'LR90 limit 
for frost heave specimens (which are compacted into the same diameter 
mould) is 50 mm. Difficulty was therefore experienced in preparing 
sat; sfactory specimens with material s conta i ni ng 1 arge' amounts of coarse 
particles (Anon 1977 ). 
, Al though the LR90 states ~that I care shoul d be taken to avoid crushi ng 
, .:. 
the particles during c~mpaction', the preparation of st~b1e frost heave 
specimens (0100 < 50 mm), in practice, leads to 'considerable degradation 
(Hughes 1977). The meangradi.ng of a wide variety ;of aggregates sp~cimens 
compacted using a maximum static load of only 100 kN (LR90 maximum is 300 kN) 
was considerably finer than that of material delivered to the site (Hill 
1977b) or that 'of material com'pacted on site (Hill 1981). " In the LR90 
test the heave of type 1 limestones increases with fineness (Croneyand 
Jacobs '1967, Hurt 1976, Burns 1977b) such degradation could therefore result 
8
" 
.~ 
in a material being classified as frost susceptible when, had .it been 
tested at either the source or as laid gradings, it would be classified 
as non-frost susceptible. 
One solution ~~sto compact specimens so that they are tested at > 
a grading within the D.Tp. limits for that material (Hill 1977b)." ~This 
may involve' 'trial and error' adjustment of the initial grading.by 
recombining individual weighted out single sized fractions, the so-called 
'graded grains' technique. This method has been adopted by some testing 
houses (Fairley 1981). 
An alternative solution was to restrict the maximum size of particle 
in frost heave specimens to 20 mm. Using this approach the variability 
of heave results was considerably reduced, however, the exclusion of coarse 
material (up to 50%) was n~arly always accompanied by an increase in heav~. 
, Since this increase was not uniform 0t was dependent on both the amount and 
the nature of the material excluded) it was difficult to relate 
the performance of material in the test to that of material in the road 
(Sherwood 1981). 
4.7.2 Compaction of Specimens 
Other problems with static compaction, besides those associated with 
particle size, have also been noted~ Kettle and Williams (1973) determined 
the maximum dry density and optimum moisture content of various colliery 
shales (D100 < 20 mm) using the recommended method(BS 1377-1975 test 12), 
however, frost heave specimens prepared at these values were unstable. 
This necessitated the adjustment of the moisture content and density at 
which they were prepared.~ This is an unsatisfactory aspect of the test 
since the heave of some materials such as sand and silt sized material is 
strongly influenced by density (Winn and Rutledge 1940, Croney and Jacobs 
I 
1967). 
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A further problem associated with using static compaction was 
discovered during preliminary work, by the author in which the variability 
of grading within specimens was being investigated. 
Enough material (80% sand, 20% limestone filler) to produce one 
frost heave specimen at the maximum dry density (2.0 Mg m- 3 ) was mixed 
by hand at the optimum moisture content (9.0%). Seven other s~ecimens 
were prepared in the same way except that alternate specimens were 
inverted after compaction and before being placed in their supports. At the 
end of a ten day cold room test the upper frozen part and lower unfrozen 
part of all the specimens were graded separately. 
The mean grading of both halves of the specimens was finer than the 
initial grading but the part upper~ost during the compaction phase was 
significantly coarser (for all but the percentage passing the 150 ~m 
sieve) than the lower part. (This effect has also been observed for 
limestone aggregates, Fessey 1976). The mean heave of the non-inverted 
specimens (coarse part uppermost) was significantly less (It I test 95% 
~. ' > 
level of significance) than that of the inverted specimens (Fig. 4.6). 
Shortly after the publication of LR90 the vibrating hammer 
compaction test (SS 1377 1975 Test 14) was introduced. This test is 
designed to reproduce the states of compaction achieved when,granu1ar 
materials are compacted in full-scale conditions using heavy plant under 
proper supervision (Pike 1972). Type 2 material has to be laid at the 
optimum m~isture content determined by this test (D.Tp. 1976) and a . 
change to this test or the newe~ modified version(Pike and Ascott 1975 
now BS 58351980) as a basis for frost heave specimen preparation was 
therefore considered (TRRL 1977). 
S6 
4.8 Indirect Assessment of Frost-Susceptibility 
With increased attention focused on the frost susceptibility of 
; ~ 
sub-bases, rather than sub-orades, the indirect frost susceptibility 
criteria which related to non-cohesive soils became the focus of 
attention.' These required the determination of the grading and 
saturation moisture content (using 10 pieces < 13 mm, selected ~t 
random and soaked under water for 24 hours). Since the saturation 
moisture content of individual pieces is extremely variable (section 
5.2.3) a sample of only 10 pieces from one size fraction is unlikely 
to be representative of the material as a whole. Another flaw of 
indirect assessment is that cases of contamination will remain' 
undetected •. For example, when an otherwise non-frost susceptible 
sub-base may be rendered very frost susceptible by the disproportionate 
effect of a small amount of chalk (Hill 1977b) or clay (section 10.2). 
In Scotland,granular sub-bases being tested were predominantly 
crushed igneous rocks (basalt) and the 'indirect assessments of frost 
susceptibility did not fully agree with the heave results (Fairley 1981). 
Similarly in England, many of the materials which were classified 
indirectly as non-susceptible were in fact susceptible (Anon 1977). 
The'unreliability of the indirect method of assessing frost 
susceptibility meant that far more 'frost susceptibility testing 'was' 
being done than had been envisaged when the compliance clause was 
, . 
introduced (Anon 1977). This combined with the diversity of testing 
uni~s and preparation techniques highl ighted the need for a Bri t,ish 
Standard type test procedure, most probably based on an SRU, for frost 
susceptibility testing (TRRL 1977). In the interim, however, the' 
testing procedure to be adopted for granular materials was amended. 
J 
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4.9 Improving the Specification of the Test 
In Scotland approximately half the materials tested, mostly crushed 
igneous basalts, were being classified as very frost susceptible. , The 
" ~ > 
specification was therefore amended (SOD 1972) by effectively increasing 
the maximum allowable heave from 13 to 18 mm. Engineers were also advised 
that sub-base materials could not be regarded as non-susceptible without 
testing, and testing was re~tri~ted to the government Materials Testing 
Station and other app~oved laboratories. In fact the SOD never actually 
approved any other frost heave equipment -thus pI"ob1 ems due to poor . 
reproductibility do not arise in Scotland. A special sampling arrangement 
was also adopted where both the Contractor's and Engineer's representatives 
are present on site to satisfy themselves that a mutually ~cceptable sample 
has been obtained •. This avoids conflict between the Contractor, and , 
Engineer (Fairley 1981). 
In Eng1and,a large number of frost susceptibility tests are undertaken 
by county councils, contractors, consultants and research laboratories.So .) 
it is impractical to concentrate all the testing under one roof. .. · Thus a 
different approach to that adopted in Scotland had to be made. Before 
making any amendments to the specification, t~e TRRL carried out an 
investigation into the reproduc':ibility of the frost susceptibility test. 
The material used was an artificial mixture (80% sand and 20% limestone 
filler - SF T/80) which was supplied in individual pre-weighted batches 
to the participating laboratories.. Each batch' contained sufficient 
material to produce one specimen at a prescribed density (2.02 Mg m- 3 ) 
, 
and moisture content (9.5%). In total about 17 laboratories, using 20 
units,each prepared and tested nine specimens.. The mean heaves,showed 
considerable variability spanning the complete range of frost susceptibility 
classifications (Fig. 4.7). 
In 1976 a letter was circulated which acknowledged the difficulties 
being experienced with the test and requested engineers to give sympathetic 
consideration to any block of tests whose average result was slightly 
above 13 mm (Lake 1976). 
Shortly afterwards SR 318 'an interim specification for use with 
granular materials' (Anon 1977) was published (and included in t~e pavement 
design specification}. It precluded any granular material from being 
regarded as non-frost susceptible without testing and whilst retaining, 
static compaction modifications were made to the initial dynamic compaction 
phase. In addition the modified freezing cabinets were specified (see 
section 4.6.1) and SRU's were also accepted as a suitable testing apparatus. 
It had been normal practice in many testing laboratories to test at least 
three specimens and use the mean heave to judge, the frostsusceptibility 
(Jacobs 1965, Kettle and Williams 1973, N"fcholls 1970, Hill :1977a), this 
approach was maintained in SR 31B. It was also recommended that the 
initial grading be representative of the source •. Other workers (Hill 1977b) 
advocate that since the 'as compacted' grading of the specimen governs its" 
frost susceptibility, the initial grading should be adjusted so that the 
compacted specimen will have the,same grading as in the road. This;s 
still a matter of some controversy. 
After the introduction of SR 31B the TRRL.carried out a further study 
of the reproduc ... ibi1ity of the test to assess the effects of the revisions. 
Again,pre-weighted specimen sized batches of SF T/BO were supplied. Nine 
spec~men~ at the lower density of 1.B7 Mg m- 3apd 9.0% moisture content 
, were tested in 21 different units.; 
Although the scatter of results was reduced (Fig. 4.B) the variation 
was still much wider than could be regarded as acceptable for a compliance 
test (Sherwood 19B1). 
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4.10 Compliance Testing - A Case History 
4.10.1 Introduction 
Shortly after the introduction of SR 318 the author became . 
involved in an investigation which took place after high frost heave 
results were obtained for a supposedly good quality limestone. This 
. . 
sub-base was being used in a major road construction job in the East· 
Midlands. 
The investigation highlighted the practical difficulties asso6iated 
with frost susceptibility testing and also disclosed the need for the 
method of specimen preparation to ~e more closely specifi~d. 
4. 10.2 The Testing Problem, 
The material in question was from a source of high quality, rough, 
angular, Type 1, Carboniferous Limestone which had previously given low 
heaves in tests at Nottingham Univers)ty (Test 1, Fig. 4(..~).··· When 
, 
samples from the site were tested according to both LR 90 and SR318 
procedures, very much higher heaves were observed (Tests 2a and 2b, Fig.4.9). 
Examination showed that the samples contained plastic fines due to 
contamination with clay and were, therefore, untypical of that normally 
produced by the source. 
A succession of five' further test runs were undertaken at Nottingham 
(Tests 3-7, Fig. 4.9). However. all classified the material as frost 
susceptible with a heave of 23 mm or more. At the same time three other 
laboratories had tested the material and recorded heaves of 16 mm or less, 
, ' . 
(Tests 9-12, Fig. 4.9)~ . A careful investigation of all aspects of the 
Nottingham testing procedure was therefore undertaken. 
. Observations, including temperature measurements, during the tests 
indicated that both the cold room/and SRU were operating within' the SR 318 
requi~ements although the water level may have been high in Test 6. 
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In all the tests, specimens were compacted to nominally the same 
density and moisture content, however, the final grading is affected by 
the sampling and'riff1ing procedure adopted on site (Pike 1979) and by 
the laboratory mixing and compaction process (section 4.4.2). Enquiries 
on site revealed that in some cases the samples submitted for test 
(against SR318 recommendations) had been recovered from material which' 
had already been compact~d to form the sub-base~" Such materials, therefore, 
suffered degradation at two stages, once during compactionof the sub-base 
and once during compaction to form specimens. The final grading may, 
therefore, have been much finer than that of material delivered from the 
quarry. 
Even so, grading analyses (BS 1377, 1975, Test 7a) revealed that 
the compacted specimens at Nottingham were finer than those tested in 
Laboratories A or B. 
A rotary paddle mixer, of the type then being considered for 
inclusion in the specification, had been used for the first time in 
these tests to mix the aggregate and water. It was therefore 
suspected that the mixer was causing attrition of the particles, leading 
to a greater fines content, which can cause increased heave. 
4.10.3 The Influence of Mixers on Grading and Heave 
Representative material was sampled on delivery to the site and 
carefully divided using a riffle box to produce 16 sub-samples of frost 
he~ve specimen size. Of ~hese, 10 were used in duplicate gradings at . 
each of the following stages: (a)'before mixing, (b) after hand mixing, 
(c) after hand mixing and compaction~ (d) after machine mixing, 
(e) after machine mixing and compaction. The remaining sub-samples 
were used to manufacture the frost heave test specimens, three bejng 
91 
prepared by hand mixing and three by machine mixing. Two specimens of 
each type were sieved after freezing. A similar series of gradings was 
also undertaken for an Oolitic Limestone. 
The grading results (Fig. 4.11) clearly show that:-
(i) machine mixing causes an increase in the proportion of material less 
than 1 mm, and (ii) the compaction process causes only a slight,increase 
in fines content after either machine or hand mixing. The freezing , 
process caused no change in the fines content of either type of specimen. 
Specimens which were mixed by hand (Test 8a, Fig. 4.9) had a lower heave 
than machine mixed specimens (Test 8b, Fig. 4.9) • 
. For all' the tests on the carboniferous 1 imestone where either the 
post-compaction or post-freezing grading was available, the percentage 
passing the 63 ~m sieve was plotted against average heave (Fig. 4.1Q). 
The dramatic increase in heave with fines content can be seen. Clearly, 
provided the grading is towards the coarse side of the Type 1 envelope 
the material is non-frost susceptible. The same conclusion has' been 
reached for' Type 1 crushed igneous basa1ts (Fairley 1981).; 
, Having discovered the reason for the high Nottingham frost heave 
results and disregarded them as being unrepresentative of the material 
del ivered to the site, the overall average frost heave was 10 mm; 
The aggregate was therefore accepted as being non-susceptible and 
used as the sub-base as or~ginally intended. 
4.10.4 The implications of the Investigation 
As far as frost susceptibility testing'in general is concerned 
the investigation highlights, (a) the importance of undertaking rigorous 
sampling procedures so that representative,uncontaminated specimens are 
obtained,and (b) the importance of recording the grading at which a material 
/ 
is tested. 
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Currently the number of gradings which have to be reported vary 
from none, to the four required by some County Engineers (County Survey 
1976). Since grading is an essential part of the sample description it 
has been suggested (Jones 1977a) that at least one should be'reported, 
this investigation supports that suggestion. 
It also emphasises the need for a more closely specified 'pecimen 
preparation procedure which precludes methods which cause degradation. 
In SR 318 the use of a mixer is accepted implicitly. In future 
specifications unless it can be shown that, for a wide range of materials, 
a particular mixer does not cause excessive degradation their use should 
be explicitly banned. 
4.11 Towards an Improved TRRL Test 
In 1978 the position with regard to frost susceptibility testing 
in Britain was unsatisfactory. The rep~oducibil i.ty of the TRRL test-
was very poor and hence there was a general lack of confidence in the 
heave results obtained. These difficulties were caused by the diver ity 
of testing units and specimen preparation techniques being used -
combined with the inadequate specification of the test procedure~ 
- . 
The most likely causes of heave variability were differences in the 
temperatures experienced by the speciMens, both within a given unit. 
and between different units. To investigate furthe~ temperatures were 
monitored in the Nottingham University prototype SRU and cold room i~ 
order to determine the optimum operating modes (Chapter 6). Alternative 
methods of specimen preparation. using vibratory compaction. were also 
assessed to determine the best technique (Chapter 7). In these and 
subsequent experiments a wide variety of materials (primarily sub-bases) 
were used. -These are described in th~ next chapter. 
i 
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Within Range in Mean Heave I 
Test No. Materials Fi Unit Between Different:- I 
Series Unit Spec. Batch (mm) sB Trials Cabinets Reference Source I 
(mm) (mm) (mm) I 
I 
I 
I 
1 Standard CR >84 T 29 2.3 3 11 * Burns 1977b I 
2 Standard . CR 84 1 13 2.4. 5 4 Jones· & Hurt 1975 j 
3 
4 
Modified 
. Modified 
CR 54 1 
CR 15 2 
19 
20 
2.5 
1.7 
2 
3 
3 
I 
Jones & Hurt 1975 I 
Dudek 1977 I 
I 
5 Chilled tank SRU 24 2 20 2.6 2 Dudek 1977 I 
6.~orced air SRU 15 2 22 2.9 2 Dudek 1977 I 
*n = mean he~ve; Ss = best estimate of standard deviation from the test series. 
Experiments separated by a longer period of time 
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-CHAPTER 5 
PROPERTIES OF THE MATERIALS USED 
5.1 The Materials and their Preparation 
5.1.1 The Materials and Location of Sources 
The aggregates'used in this research included several geological 
types and the gradings at which they were commercially available 
(Fig. 5.1) spanned the type 1 and type 2 envelopes-(Fig. 1.1). Six 
of the aggregates were supplied from standard stocks maintained by 
the Transport and Road Research Laboratories (Pike 1971, L~ech 1976) 
and their reference numbers are included in the descriptions below. 
The other two were supplied in confidence from other sources. 
Seven of the aggregates were within the type 1 envelope of 
which three were natural gravels:- Ashton Keynes 102, a sand and gravel 
consisting of weathered fragments of Jurassic Limestone; Spencers Farm 
103, a f1int-sand-fines mixture (i.e. a hoggih); and Stanley Ferry 106, 
a gritstone flood-plain sand and gravel. Two were crushed igneous rock:-
Croft 105, a crushed granite; and WHIN 2, a cryptocrysta]ine Scottish 
dolerite. The remaining type 1 aggregates were crushed limestone;-
Dene 119, a crushed:Carboniferous timestonei and OOL 2, a soft, crushed 
Jurassic Limestone. 
There was also a type 2 aggregate:- Woodhal1 Spa 114, a sandy 
flint hoggin. 
, , 
In addition to the aggregates two other materials were used:-
dummy concrete frost heave specimens (152 or 175 mm tall and 102 mm diameter, 
containing soft limestone aggregate; and mixtures of sand and limestone 
10? 
filler, containing either 80% or 85% sand. These were prepared from 
supplies maintained at either the TRRL (SFT/80, SFT/85) or Nottin~ham 
University (SF4/80, SF4/85). The gradings of the Nottingham sand (S4) 
and filler (F4) are included in Fig. 5.1. 
For each ~eries 1001 aggregate the approximate location and 
address of the pit or quarry is given in appendix 1a. • 
The concrete specimens were non-frost susceptible. Dene was 
reported to be non-frost susceptible whereas DOL 2 had a reputed 
heave of 25 mm •. The heave of othe~ or similar materials, in the 
modified freezing cabinets along with densities and moisture contents 1 
at which they were tested are given in Table 5.1. 
5.1.2 Preparation of the Aggregates 
It was intended that frost heave specimens of the aggregates 
should be reconstituted to the desired grading from separate size 
fractions, a 'graded grains' technique. 
The series 100 aggregates were delivered washed and separated 
into four separate size fractions'. The smallest of these « 5 mm) 
was subsequently subdivided on a 600 ~m sieve, and for Woodhall Spa: 
114 (the type 2 material), also on the 300 urn sieve. 
DOL 2 was delivered in separate unwashed fractions.- The " 
smallest of these (< 5 mm) was divided further on 2.4 mm and 600 ~m 
screens using a mechanical sieving machine. The smallest fraction 
.was subsequently washed on a 63 ~m sieve because sufficient fines 
were included as dust in the other fractions to enable the desired-
gradings to be obtained~ 
WHIN 2 was delivered in bulk form from a stock pile, it was 
wet and 'dirty'. The material over 25 mm was screened off and washed. 
. 103 
The particles over 38 mm were removed and those passing the 25 mm 
\ 
sieve were separated into 5 separate fractions most of which were 
washed. 
The fractions of all the aggregates are shown in Fig. 5.2. 
5.2 Rock Mineralogy, Structure, Shape and Strength 
This section describes the analyses. undertaken to determine 
~ 
the properties of the aggregate pieces. The mineralogy and chemistry 
was assessed from a thin section study and a chemical 'analysis. 
These were largely undertaken by members of the Nottingham University 
Geology Department. The porosities of both individual rock pieces 
and separate size fractions were also measured and the shape t strength and 
. Atterberg limits were also determined using the British Standard 
techniques (BS 812, 1975 and BS 1377, 1975). 
These experiments enabled each aggregate to be fully:described 
(Section 5.3)! 
5.2.1 Thin Section Study 
Pieces'of rock with extreme porosities and specific gravities 
(Section 5.2.3) or apparently different mineralogy or grain size, 
were selected from all the aggregates except the flint gravels~ The 
pieces were sliced and mounted on a glass ·microscope slide. They 
were then ground toa thickness of 30 ~m and the top cover glass 
positioned. For the limestones half of the section was stained 
using the method of Dickson (1966). The pink strain turns purple·· 
if any ferroan calcite is present. All the slides were viewed 
through a Zeiss Photomicroscope 11 under various magnifications both 
with and without polarized light. Some of the sections were also 
lC1 
photographed at a magnification of 4:1. The results of this study 
formed the basis for the description of the rocks (Section 5.3). 
5.2.2 Chemical Analysis 
5.2.2.1 Atomic Absorption Spectrophotometry 
Trimmings from the pieces of limestone used in the th~n section 
study along with representative samples from each limestone size 
fraction were analysed. 
Each sample was ground to a powder « 63 ~m) and one gram was 
fully dissolved in nitric acid. The solution was then filtered and 
the weight of the insoluble residue determined. A releasing agent 
(lanthanum chloride solution) was added to the liquid and a 
100,OOOth dilution produced.' This was aspirated through an 
acetylene-oxygen flame within a Perkin Elmer 272 atomic absorption 
spectrophotometer. The ~mount of either calcium or magnesium light 
absorped was compared with that absorped by solutions of known 
concentration to determine the ,amount of calcium carbonate (Ca C03) . 
and magnesium carbonate (Mg C03) present." The difference between the 
initial weight and the sum of the insoluble residue,Ca C03 and Mg C03 
is the remaining soluble carbonate content,- this is mainly ferroan 
calcite and manganese carbonate. The measured percentages of. each 
constituent in each size fraction are accurate to 1% and are given in 
(Table 5.2). 
:All the materials analysed were classified as limestones 
using Folk's method (Folk 1959) and their purities (Cox et al~ 1977) are 
included in the table. 'The medium to high purity of Dene 119is 
typical of the source (Cox. and Harrison 1980). 
"The carbonate contents of the thin section trimmings and the 
colour of the strain are given in Table 5.3. 
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5.2.2.2 Crude Chemical Analysis 
For the two flint gravels (Spencers Farm 103 and Woodhal1 Spa 
114) a random sample was taken 'from each size fraction and oven 
dried. In addition individual Spencers Farm pieces which appeared 
to have a chalk coating were selected. 
The samples were covered with hydrochloric acid whic~ was 
gradually strengthened over a period of several days until the 
particles no longer effervesced. The stones were then washed on 
an old 63 ~m sieve, and oven dried to determine the weight loss. 
For l-/oodha 11 Spa 114 further samp1 es were taken from the 
fractions greater than 0.6 mm. For each sample the proportion of 
chalk particles by weight was determined by visual separation. 
The results are given in Table 5.4. 
5.2.3 Porosity and Specific Gravity 
5.2.3.1 Individual Pieces of Aggregate 
For each of the six series 100 aggregates a random sample en) 
of about 25 pieces of 28/20 mm size was taken. The pieces of,' 
WHIN 2 and DOL 2 appeared to be more variable so for these 
materials the sample was increased to about 50 pieces. 
These samples were placed ,in a desiccator. and covered with 
distilled de-aired water. The area above the water was fully" 
evacuated (76 cm of mercury): The specimens were occasionally 
agitated until no more air bubbles were released. This ~ook up 
to 72 hours. The specimens were then transferred individually 
into a small glass pycnometer which was purpose made from a ~round 
glass cup and cone joint of 60 mm diameter. The pycnometer was 
filled with de-aired wate~ up to the graduation on a short 
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capillary which protruded from the cone. The outer surface was dried 
and the assembly weighed. The specimen was then brought to a 
saturated and surface ~ried co~diticin using an absorbent paper towel 
and re-weighed. After at least 24 hours in an oven the final dry 
weight was taken and the specific gravity (G s ) and rock saturation 
moisture content (RSMC) calculated. Porosity was~ determin~dusing 
the equation 
100 
n=------ % 
1+100/(RSMC.G
s
) 
:: " .> '. ;: "., ! ' 
For each aggregate the distribution of the specific gravities 
'and porosities of the individual pieces are shown-in Figs 5.3,and 
5.4 ~. 
The RSMC, Gs and hence the porosityare all underestimated if 
air is retained in the sample or in the pycnometer. 
In preliminary trials, using WHIN 2 and OOL 2 pieces, alternative 
methods of saturation were assessed. During the mechanical shaking 
procedure'ofte~t 6A of BS ]377(1975) some particles, particularly of 
.. 
the softest aggregate OOL 2, diSintegrated. The moisture content . 
after th~ wat~r absorptio~test inpart 5~f BS 812(1975) was only 84% 
of t~e ~alue obtained by'evacuatin~; which indicates inccimplete 
. . . 
saturation. Measurements using a crude pycnometer, made from a 
. 
Kilner '5a'r and ground glass plate were also attempted but it proved 
~ '; 
difficult to thoroughly dry theexterior'surfaces whilst preventin~ 
, . 
air from entering the jar. 
\ -
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5.2.3.2 Aggregate Fractions 
. " 
For each aggregate duplicate 500 g samples were taken from the 
20/10, 10/5 and <5 mm fractions ?nd washed on a 63 ~m sieve; Each 
sample was placed in a gas jar under disiilled de~aired water and a 
vac~um was applied until no further air escaped from the particles. 
The vacuum was then allowed to draw in water until the gas ~ar was 
nearly full. 
When the water was fully de-aired, the rubber bung and vacuum 
line connection were removed. The gas jar was then used as a 
pycnometer (8S,812, 1975, part 5.4) and the weighings necessary to 
determine the saturation moisture content and specific gravity were 
mad~. These results along with the calculated porosity are given in 
Table 5.5. The Nottingham sand (54) and limestone filler (F4) ~ere 
. ;,;' 
non-porous and had specific gravities of 2.64 and 2.67 respectively 
(Thompson'198l). 
,t, 
5.2.4 Particle Shape 
. For each aggregate a random sample of lOO pieces was selected 
from each of four size fractions. For each sample the flakiness and 
elongation indices were determined (SS 812, 1975, parts 7.3 and 7.4). 
The angularity number of three fractions of each aggregate was also 
, ; .' ~-:. 
determined (BS 812, 1975, part 7.5). The results are included in 
Table 5.5. 
The flakiness indices and angularity numbers of Croft 105 and 
Stan1ey Ferry 106 are, in good agreement with results quoted elsewhere 
(Pike 1972). 
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5.2.5 Mechanical Properties 
The 14/10 mm fraction of each aggregate was subject to the 
aggregate crushing value test (BS 812, 1975, part 3.7) and the 
aggregate impact'value test (BS 812, 1975, part 3.6). In addition 
the ten percent fines value (BS 812, 1975, part 3.8) of OOL 2 was 
determined. 
The results are given in Table 5.5. The aggregate impact 
,values of Croft 105 and Stanley Ferry 106 agree to within ± 2% 
(the reproducibility of the test) with the values obtained by Pike 
(1972) and the value for Dene 119 would be expected for most material 
from this quarry (Cox and .Harrison 1980). 
All the materials would have ten percent fines values within 
the maximum allowable for type 1 and type 2 sub-bases (Fig. 1.1).' 
Although a Cal ifornia bearing ratio test was not undertaken for 
Woodhall Spa, since it was supplied as a type 2 road stone, it is 
presu~ably within the required tolerance. 
5.2.6 Atterberg Limits 
For each aggregate an attempt was m~de to measure-the plastic 
limit (BS 1377~ 1975, test 3) and the liquid limit using the cone 
penetrometer method (BS 1377, 1975, test 2A). A plastic limit 
could not be measured for the series 100 aggregates which were 
therefore classed as non-plastic. 
For-OOL2 and WHIN 2 small plasticity indices were measured 
(PI = 3 and 5% respectively)~~h~ materials do not therefore strictly 
conform to the requirements of type 1 sub-bases (Fig. 1.1). 
Dunn (1966) concluded from a literature review and experimental' 
work that fines of low plasticity were perfectly adequate in road bases. 
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He defined a factor equal to percentage passing the 63 ~m sieve x 
PI and concluded that for bases with a factor of less than 40 
there was no likelihood of loss of strength or compactibility. 
In the light of this conclusion and taking into consideration 
the difficulty of testing these materials and the subjective 
judgement involved, the WHIN 2 and DOL 2 should be acceptab'e as 
sub-base aggregates. 
5.3 Description of the Aggregates 
5.3.1 Ashton Keynes 102 
This was a grey-yellow limestone of low purity. The rock 
matrix consisted of silt sized shell fragments and pellets of, 
calcium carbonate and a varying proportion of angular quartz grains 
(insoluble residue 6 to 28%). Some ferroan calcite wa~ present. 
The varying mineralogy was reflected in the wide range of 
. . 
specific gravities of the pieces. The low specific gravity of 
the 10/5 mm fraction suggests a p~edominance of pieces containing. 
quartz grains in this fraction. 
The particles were smooth, rounded and flattish although many' 
were broken. They were mechanically weak with very variable 
porosity. 
5.3.2 Spencers Farm 103 
The aggregate consisted of hard, impervious, sharp flint 
particles. The white coating on some of the particles was weathered 
flint and not, as first suspected, chalk. This coating was highly 
porous and gave the weathered particles a higher than average porosity, 
e.g. 6% compared with a mean of 2.4% for the 28/20 mm fractions. , 
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The high porosity of the 10/5 mm size fraction is probably due to a 
predominance of weathered pieces. 
5.3.3 Stanley Ferry 106 
The particles consisted of detrital sand formed of 90% quartz,' 
recrysta1ised and intergrown with some feldspars and other4minerals 
(e.g. mica and chlorite). Iron oxides' (haematite, 1 imonite and perhaps 
illmanite and magnetite) formed an accreting medium and produced the 
rust colouring. The high aggregate impact value reflects the weak 
bonding of the quartz grains. 
The size of the grains differed widely between the aggregate 
pieces. Those with the largest grains (1 to 2.5 mm) had visible 
voids ( n= 14.7%) where as in the pieces containing finer grains 
« 0.1 mm) no voids could be seen (n = 6.3%). 
Despite the presence of the heavy iron oxides over 30% of the 
28/20 pieces had a specific gravity well below that expected for 
. + quartz {2.65}~ This probably indicates the presence of blind pores 
in this fraction. 
The particles were rounded and rough althourh some were broken. 
5 • 3 • 4 WH I N 2 .. 
Of the eight thin sections inspected, two were moderately fresh 
fine gra ined dol erite with plar,ioclase fe1 dspar, pyroxene and cal cite 
patches up to 2 mm across. These had a low porosity « 3.1%). 
t . . 
All quoted specific gravities are taken from Whitten and Brooks (1972). 
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The remainder were very variable in character and consisted of: 
(a) oval amygdales (gas vesicles) up to 5 mm across containing, 
chlorite and other minerals, (in one specimen these comprised 
over 50% of the section volume), 
(b) phenocrysts (large crystals) mainly of pla~1ioclasefeldspar, and 
(c) a fine grained matrix in which feldspar laths sometime~ showed a 
good tr,achytic texture (parallel al ignment). 
In one specimen pores of 0.1 to 1.0 mm were visible. This 
specimen had a high porosity (16.0%) • 
. The hard, angular particles were mechanically strong, and 
because of the predominance of basic minerals they had a high 
specific gravity. 
5.3.5 Croft 105 
This was a granite consisting of rough, angular pieces with 
variable grain,size •. The coarser 28/20 mm pieces had an abundance 
of large (4 mm) feldspar crystals in a matrix of finer quartz 
(0.2 mm), feldspar and chlorite with some crystals of amphibole 
and epidote. In specimens with the finest grained matrix (0.05 mm) 
some larger feldspars (3 mm) did occur. Most pieces appeared to 
be intermediate in character.,' The porosity of the pieces was' 
cons i stante . 
The remaining fractions had the lowest porosity of all the 
?ggrega tes. 
5.3.6 Dene 119 
This was an angular, rough textured, gre~ bioclastic, limestone 
" of medium purity. The thin sections consisted of crinoids, 
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echinoderm and brachiopod shells in a matrix of smaller calcite 
pellets, some foraminifera were also visible. Individual sections 
differed only in the size of the shell fra9ments. The porosity was 
lowest (1.0%) in the specimens which contained microfossils formed 
of a single calcite crystal. The mean specific gravity of the 
28/20 and 20/10 mm fractions was less than that expected ot calcium 
carbonate (2.71) which suggests that blind pores existed in these 
larger particles. 
5.3.7 DOL 2 
This was a limestone with a high proportion of insoluble 
residues, and some ferroan calcite. The overall purity was low. 
The rock probably formed as an estuGrine or salt water deposit and 
sorting by tidal currents has resulted in considerable differences 
, , 
between the individual pieces. The hardest,pa~e yellow pieces 
were almost entirely fine grained micrite (calcite mudstone) with 
fractures later filled with calcite crystals. These had a low 
porosity « 7%). The softest piece examined contained many shell 
fragments within a softer micrite matrix and had many visible 
" . 
pores (n = 20.1%). Other pieces were intermediate in character 
consisting of rourided shell fragments and pores which were filled 
by a calcite crystal matrix~ 
The particles were weak and flaky. 
5.3.8 Woodhall Spa 114 
The aggregate consisted of elongated, glass~ flint particles 
and rounded,smooth,chalk particles~ The similarity of the chemical 
and visual estimates of c~rbonate content (Table 5.4) confirmed 
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that the chalk was in the form of individual pieces rather than as 
a deposit on the surface of the flfnt particles. Due to natural 
sorting, the chalk content vari e d cons i derab ly between the different 
fractions (0 to 61%). The high porosity and low angularity number 
o~ the 10/5 mm size particles reflects the high proportion of 
chalk pieces of this fraction. 
5.4 The Engineering Properties of the Materials Tested . 
5.4.1 Gradings 
5.4.1.1 The Target Gradings 
It was proposed (TRRl contract, number TRR/842/302) that each 
type 1 aggregate should be tested at the coarse (C) and fine (F1) 
1 imits of the type 1 envelope and at the median of these. (M). (At 
least below the 38 mm particle size). The target gradings for the 
type 2 aggregate (Woodhall Spa 114) were the F1 grading, the fine, 
limit of the type 2 envelope (F2) and the median of these F1/2 
(Fig. 5.5). 
5.4.1.2 The Initial Gradings 
The individual fractions of the series 100 aggregates were 
combined so that for each aggregate/grading combination the 
percentage passing (wet sieving analysis - BS 1377, 1975, test 7a), 
was within ± 1.5% of. the target value on the 20, 10, 5 and 0.6 mm 
sieves. Woodhall ·Spa was also matched on the 0.3 mm sieve (Fig.' 
5.6, Table 5.6). 
Because the individual fractions had been washed prior. to· ~, 
delivery there was generally a shortage of material passing the 
smallest sieve. This was' not considered a 'serious drawback, . 
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nevertheless, the extent to which any anomalous results could be 
attributed to this lack of fines was always considered.. To this 
end one material, Croft 105, was prepared at gradings which included 
extra fines (b gradings Table 5.6). 
Preliminary trials on DOL 2,·the softest aggregate, revealed 
that the frost heave specimen compaction procedure caused-severe. 
degradation (Section 7.3). To ensure that DOL 2 was tested at 
a similar grading to the other aggregates the initial grading was 
coarse ( Table 5.6) so that after degredation trial frost heave 
specimens were nominally M graded. A similar procedure was 
adopted for WHIN 2 to obtain the initial C,M and Fl gradings. 
The trial and error procedure involved was wasteful of material, 
particularly for DOL 2. This aggregate was, therefore, only tested 
at the M grading •. 
The initial gradings of the sand-limestone filler mixtures are 
included in Fig. 5.6 •. 
5.4.2 Properties of the Particles in the Graded Aggregates 
By combining the results for each size fraction (Table 5.5) 
in proportion to the amount of that fraction used to produc~ the 
initial gradings the overall properties of the !ock pieces in each 
aggregate-grading combination were obtained (Table 5.7).. Fractions 
for which a particular.property had not been measured (mainly >.28 mm 
and. < 0.6 mm) were assumed to have values equal to the mean for th~ 
remaining fractions. 
Using the same technique, and taking values from Table 5.4 •. 
the proportion of chalk at each grading of Woodhal1Spa was also 
calcuiated (footnote to Table 5.7). 
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5.4.3 Compaction Characteristics 
For each aggregate/grading combination the relationship betwe:n 
dry density and moisture content was defined over a range of moisture 
contents using test 14, part 1 of BS 1377 (1975). Air dried material 
taken from a single 9 kg bulk sample was compacted using a 750 W SKIL 
vibrating hammer. A representative 500 g sample was then ~aken<from 
the moulded material for moisture content determination. The 
remainder was returned to the bulk sample and the moisture content 
increased by about 2%. This procedure was repeated until the optimum 
was exceeded. This was signalled, after 5 to 7 increments, by , 
excessive shedding of water and fines during compaction. 
Having determined approximately the optimum moisture content 
three more tests were'undertaken using a fresh 6 kg sample for each 
compaction: test'14, part 2 of BS 1377 (1975). Moisture contents 
0.5% below and 0.5% and 1.0% above the approximate optimum were used. 
The densities and moisture contents were expressed on the 
. volumetric basis proposed by Pike (1972). The carefully measured 
saturation moisture contents, rather than water absorption data. 
were. however, used to calculate the proportion of volume occupied 
by solids (PVS) and the proportion of volume occupied by residual 
free water (PRW).The remaining volume is occupied by residual air 
(PRA). Typical results are shown in Fig. 5.7.' Because the materials 
. 
degraded during compaction (visual assessment),for all materials, 
except Spencers Farm 103 e, the maximum proportion of volume 
occupied by solids (MPVS) was greater ~sing the bulk sample method· 
(test 14, part 1) rather than the virgin sample method (test 14, 
part 2). The differenc~ in the two MPVS values could not b~ 
, < 
related to the strength or the aggregates. For all aggregate/grading 
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combinations the MPVS and optimum proportion of volume occu~ied by 
residual free water (OPRW) were taken to be those obtained by test 
14 part 2 (Table 5.7); 
These MPVS values were plotted against the coefficients of 
uniformity at the initial gradings' (Fig. 5.8). The results for 
l 
Croft 105, particularly at the C grading, lie outside the t!nvelop'e 
obtained by Pike and Asco~t (1975). This envelope was based on 
results obtained using a 900 W rather than a 600-750 W vibrating 
hammer as specified by BS 1377. In a sinqle trial usinq Croft 105 M 
~ -
a much higher density was achieved with a 900 W hammer (Fig. 5.7). 
The envelope may, therefore, not be applicable to data obtained 
using less powerful vibrating hammers: 
The influence of grading (expressed,as effective particle size 
0'0) on MPVS is illustrated in Fig. 5.9.· As the grading becomes 
finer through the type 1 envelope the rwvs increases. A maximum 
, . 
occurs at 010.« 0.3 to 0.4. Beyond this MPVS tends to decrease 
with fineness. A similar result was' reported for compacted sand 
, ;. ' 
and gravel mixtures by Oonaghe and Townsend (1976). 
5.4.4 Saturated Permeability 
The satur~ted permeabilities were determined, using the falling 
head method, for:- SF 4/80,the type 1 aggregates at M grading,and 
Woodhall Spa at the F1 and F2 gradings. 
Sufficient material to produce a single specimen, at the 
maximum dry density was mixed at the optimum moisture content. It 
was then compacte~ i~to 'the"102 ~m diamet~r test cell, inthre~ 
layers of equal weight using the vibrating hammer. The final heirht 
; 
of the specimen was 114 mm. The cell was sealed and checked for 
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leaks before submerging it in water. The sample was flushed with 
running water for one to three days before undertaking the tests. 
For all the materials a good linear relationship was obtained 
between log.head and time, and the same permeability value was 
calculated using standpipes of different diameter. These results 
indicate that a stable state of saturation had been achieved. The , 
measured permeabilities are.included in Table 5.7. 
5.5 Thermal Conductivity 
5.5.1 The Thermal Probe Method 
The frozen and unfrozen thermal conductivities were determined 
for:- SF 4/80, the type 1 aggregates at M grading, Woodhall Spa at 
Fl grading, and the concrete specimens. For all these materials 
the line source or thermal probe method was used. 
Compared with other transient heat flow methods of determining 
- ~ ! • 
thermal conductivity (e.g. the sinusoidal source method of Hoekstra 
et a1 1973) or the steady methods (e.g. the large scale annular 
arrangement used by K:rsten,. 1949, or the guarded hot plate test, 
Kap1ar, 1971) the thermal probe method is simple and quick and the 
" 
apparatus is relativ~lycheap and robust. De Vriesand.Peck (1958) 
concluded that the probe method can,be applied with confidence as an 
, 
absolute method for measuring thermal conductivity. 
; 
The method has been widely used to determine the thermal 
conductivity of frozen fine grained soils, in the field (Mc~aw et al 
. . , 
1978) and in the laboratory (Joynt 1974; McGaw 1968, 1980i Penner et al 
• .; .,' , .-, < , " 
1975). The method is, however, relatively untried for coarse aggregates 
although Farouki (1981) cites work by Maskowski and Mochlinski (1956) 
. . -, 
and Sass et al (1971). 
11 S 
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The probe usually consists of a long narrow metal cylinder, 
containing an electrical heating element which is pushed vertically 
down into the soil. The thermal conductivity is given by:-
K = Q.1 n (tdt1 ) 
41Tlt.T 
where K = thermal conductivity of the soil 
Q = heat output by the probe 
1 = length of the probe 
t.T =_rise in temperature at the source between times 
tl and t2 
5.1 
Thermal conductivity is usually determined from the slope, of 
the linear temperature versus log. time graph when heat is being 
produced at a constant rate. McGaw (1980) has however, also calculated 
thermal conductivities from the cooling curve produced when the heat 
source is switched off. 
5.5.2 Construction of the Apparatus 
Two probes were constructed bearing in mind that, for the 
previous equation to b~ valid~the length to diameter ratio should 
be greater than 25 (B1ackwe11 1956). Temperatures may also be 
measured at a radial distance from the probe (Slusarchuk and Fou1ger 
(1973) but fo~ this' configuration there will be a slight delay before a 
linear temperature v log. time graph is obtained (Wechsler 1966). ' 
A double length of insulated chromel/alumel wire (resistance .. 
0.1n/mm) was inserted into the tube. The protruding ends were h 
welded to thicker electrical wire and insulated. This joint was- . 
protected by a sheath of rigid nylon tubing. The joint and the 
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ends of the probe were sealed with epoxy resin glue (Fig. 5.10). 
To measure the temperature rise a calibrated thermocouple was 
sealed into a similar tube, 62 mm long, so that the tip was at the 
bottom (Fig. 5.10). 
When testing these two measuring probes were inserted along 
side each other into a cylindrical specimen. The assemb11 was placed 
in an insulated box and the protruding leads wired into the measurement 
circuits as shown in Fig. 5.10. 
5.5.3 Specimen Preparation 
The SF 4/80 specimens were prepared at their optimum moisture 
content and maximum dry density by compacting material into a 
frost heave mould in three layers of equal weight using a 
vibrating hammer. Before extruding the specimens from the mould 
the thermal probe was'pushed down the central axis and the probe 
containing the thermocouple was located alongside. ' After extrusion 
the specimens 'were wrapped in waxed paper stood on a porous stone and 
capped with a waxed paper disc to prevent evaporation. The 
specimens were then cured for 24 hours in a refrigerator operating 
at + 4°C and with water maintained level with the top of the porous 
disc. Preliminary trials revealed that a tempered SF 4/80 speci~en 
had a thermal conductivity l~ss than untempered ones (Fig. 5.12). 
To prepare the aggregate specimens,a'dummy probe was held 
vertically along the central axis of the mould and the first layer 
-- of aggregate (at the optimum moisture content) was placed round it. 
A 100 mm diameter steel disc with a 6 mm diameter central hole was 
then placed over the dummy probe and a hollow steel cylinder placed 
on top. Compaction was achieved by placing the foot of the vibrating 
hammer on this cylinder. This compaction procedure was repeated 
for the second layer. A second dummy probe was then inserted 
alongside the first, and the specimen compacted, to the maximum 
dry density and a height of 152 mm. 
The dummy probes were then extracted with pliers taking care· 
that particl es did not drop into the empty hole • .The measuring . 
probes were inserted and final light vibration applied to ensure 
good thermal contact between the aggregate and the probes •. The 
specimens were extruded, supported and tempered as for SF 4/80 
specimens. 
For the concrete specimens, a 5 mm hole was drilled down the 
central axis and one end sealed with· plasticirie:. The hole was 
then filled with mercury and the measuring probe inserted. 
In ~reliminary trials the measured thermal conductivities of frozen 
SF 4/80 specimens containing a mercury filled hole differed from 
the values obtained for standard specimens by less than 0.1 Wm-1°c~ 
When the gap was left empty or filled with fine sand or silicon 
grease the thermal conductivity decreased by 25 to 36%. 
5.5.4 'Th~'Test'Procedore 
The specimen to be tested was placed inthe insulated box which 
had been stored, along with the specimen, at .+ 4°C. The polystyrene 
lid was located and the assembly removed from the refrigerator. The 
leads from the. two probes were connected and the voltage ~upply was 
-'set to between 3 and 9 volts so that the temperature rise during the 
test was less than the 4°C maximum recommended by Wechsler (1966). 
The thermocouple output was automatically recorded by the 
logge~ at 10 second intervals from the instant the power supply was 
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switched on. The test continued until either the temperature 
output (which is proportional to thermocouple output) against 100. time 
graph became non-linear or, more commonly, the output over a 20 
second interval was less than the 1mV resolution of the logger 
(Fig. 5.11). The tests usually lasted between 3 and 5 minutes. 
After two or three tests the probes were disconnected. and the 
specimen was transferred to a refrigerator operating at -10°C~ 
After 12 h~urs freezing a further series of tests were undertaken 
during which the specimen gradually warmed up to room temperature. J i 
By using the two probes in alternate specimens one set of . 
results was obtained per day. 
5.5.5 The Results 
For the majority of the aggregates a good linear relationship 
was obtained be'tween thermocouple output and log. time (e.g. Ashton 
Keynes, Fig. 5.11). For some, however, it was difficult to isolate 
' .. 
the linear po,rtion of the graph. (The least linear 'graph was 
obtained for Stan1ey Ferry, and is shown in Fi~. 5.11). This type 
, 
of difficulty has been reported elsewhere when dealing with non-
homogeneous materials (Maskowski and Mochlinski 1956). 
The variation of thermal conductivity with temperature showed 
a similar trend for all the mat~rials, typical results are shown 
;n fig. 5.12. A number o'f features are w'orthy of note:-
" c , (a) Close to O°C there is a rapid rise in the measured thermal 
conductivity. This is because the heat from the probe is being 
consumed as the latent heat necessary to melt ice rather than 
being conducted away through the aggregate. Melting ice posed 
• difficulties when Penner (1972) attempted to measure thermal 
conductivities slightly below O°C. 
------------------------------------
(b) The first measurement obtained after freezing is greater than for 
subsequent determinations. When Stanley Ferry was frozen to 
-lOoe the measured thermal conductivity was 60% greater than 
when the specimen was warmed from -16oe (Fig. 5.12). This is 
possibly because the heat generated was being used to melt ice 
which formed from water vapour trapped in the hollow probe . 
• 
. (c) The unfrozen thermal conductivities measured before and after 
freezing were similar. 
(d) Outside the range of the above influences the thermal conductivity 
of both the frozen and unfrozen material was virtually constant. 
This behaviour has been reported elsewhere (e.g. Kersten 1949). 
These values are given, for all materials, in Table 5.7. 
(e) The frozen and unfrozen thermal conductivities are very similar 
which concures with the results obtained by Kersten for sandy 
materials at similar moisture contents. 
Three determinationson frozen SF 4/80 specimens produced a 
range of 0.3 Wm- 1 °e- 1 or 16% of the mean value. In similar 
unsophisticated equ,ipment Joynt (1974) obtained accuracies of 5 to 
10%. There is, therefore, scope for improvement to the apparatus 
(Section 5.5.6). Nevertheless, the relative thermal conductivities 
, '. 
of the aggregates follow expected trends (Kersten 1949):-
(a) Stanley Ferry 106 which has a high quartz content, had a higher 
,therma 1 conductivity than the other type 1 aggregates, and 
(b) Ashton Keynes which has rounded particles, had a lower thermal 
conductivity than ,the other more angular limestones, i.e. OOL 2 
, and Dene 119. 
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For the flint materials, the fine graded Woodhall Spa114 F1 had 
a higher conductivity than the coarser Spencers Farm 103 M. 
Similarly in a single test the < 600 ~m fraction of Croft had a 
thermal conductivity 0.2 Wm- 1 oC- 1 greater than the M graded Croft. 
These results point to a dependence of thermal >conductivity on 
particle size which conflicts with Kerstens data. This may be 
because with coarse materials the probe lies partly is void space 
and partly in contact with large particles (Sass et al 1971). 
Further investigation is required. 
5.5.6 Suggestions for Further ImprOvements to the' Apparatus' 
The thermal probe proved to be a robust and reliable tool for 
rapidly determining thermal conductivity over a wide range ·of 
temperatures.' In future tests, however, emphasis should be placed 
on the accurate measurement· at al imited number of positive and 
negative temperatures. A number of modifications should, however, 
be made to the apparatus:-
(a) Water. vapour within the probe .should be removed, or preferably, 
the empty space ·in it filled.)'iith inert material 
which has a high thermal conductivity and a low electrical 
con ducti vity. 
(b) Because ~he air temperature in the insulated boxes was not 
controlled the specimens were bein~ warmed from the inside 
outwards and, as the air warmed, from the outside inwards. It 
;s suggested, therefore, that the specimens are equilibriated 
and tested ina temperature controlled environment and,:if 
possible, larger (e.g. 152 mm) diameter specimens should be used. 
larger specimens should mean that the temperature against.log.time 
graph.would stay linear for longer (Wechsler 1966). 
(c) The measurement accuracy of, the system is limited by the 1mV 
(0.06°C) resolution of the data logger. For a total temperature 
rise during the test of 4°C, this would typically yield an error 
of ± .0.025 Wm-1 °C-1. F' 1 t' ld ' lner reso u lon wou ,per se, lmprove 
the test accuracy~ it would also enable a reduced temperature 
rise to be used, possibly as low a~ 0.03°C. This should further 
improve the accuracy of the results (Penner et al 1975). 
5.6 The Rock and Aggregate Suction Characteristics 
5.6.1 .Introduction 
The moisture retained in aggregates can be, divided into that 
held within the pores of the pieces of parent rock and that h~ld in 
the pores between these pieces. The relationship between suction and 
moisture content for rock pieces has been termed the rock suction 
characteristic (RSC),and for the graded aggregates, the ~ggregate 
suction characteristic (ASC) (Jones and Hurt 1978). 
To cover the wide range of potentials (Section 2.4) of water in 
unsaturated soils Schofield (1935) proposed a pF logarithmic scale 
where:-
where h = suction/cm of water 
Pw =suction/Nm-
2 
.. 
1/1 = potential/m 
Three techniques have proved the most suitable for measuring 
potentials in the range (0 < pF < 5.0) which are ~elevant to frost 
heave'studies (Hurt 1976).,., These.are (a) the capillary rise/fall 
1('5 
method for the range 0 < pF < 1.0, (b) the osmotic suction method, 
2 < pF < 4.4 and (c) the vapour pressure or vacuum desiccator method 
o < pF< 5.0. Using methods (a) and (b), the ASC's were determined 
forI the type 1 aggregates at M grading, Woodhall Spa at F1 and F2, 
and for'SF 4/80. The RSC's were determined for the threeCcrushed 
rocks, Croft 105, WHIN 2 and DOL 2 using methods (b) and (~). The 
results for Dene 119 wer~ available from previous work (Thompson 
1981) • 
5.6.2 Suction Moisture Content Apparatus 
5.6.2.1 The Capillary Rise/Fall Method 
~ cylindrical ~pecimenis.stood with its base in contact 
. 
with free water. Over the test period the mo;sture content -
at a particular height in the column adjusts until the potential 
at·' that height (h) is in equil ibrium with the gravitational' 
force (equation 5'4)' The moisture content at various heights 
yields the suction/moisture content relationship. Although the 
test is simple, equilibrium times are long (e.g. 30 days).-
5.6.2.2 The Osmotic Suction Method. 
The apparatus developed by Hurt (1976) consists of a 12.5 mm 
thick by 160 mm square perspex cell with a central 115 mm diameter 
hole in which the rock or aggregate specimens are placed {Fig. 5.13) •. 
Cellulose acetate dialysis membranes are clamped against 'O'-rings 
on each side of the cell by means of two perspex or brasS'plates 
which have a correspohding central hole. 
The cells are pl~ced in a tank of polyethylene glycol 6000 
solution (PEG 6000) which exerts an osmotic suction the magnitude 
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of which is determined by the concentration and temperature. Breather 
tubes protruding above the surface of the solution enable air to 
enter the pores vacated as the sample desaturates. To minimise 
evaporation, which would cause the solution concentration to change 
during the test, the tank is covered by clear stretch-plastic film. 
The temperature of the laboratory is controlled at 20 ± 0.50 C and 
> 
the bath of solution is' circulated with a thermostatically controlled 
heater-stirrer (Fig. 5.14). 
The hydraulic pressure of the solution forces the flexible 
membrane against the specimen ensuring good contact. Moisture and 
dissolved salts pass through the membrane into the solution where 
they are dispersed by the circulating fluid. This process continues 
for about 7 days until the matric potential is equal to the applied 
osmotic suction. 
Because PEG 6000 does not obey 'Raoults law {Wa1dron and Manbeian 
1970),it is necessary to calibrate each solution using an osmometer 
(Fig. 5.15)~ 
The pressurised chamber is part filled with osmotic solution, which 
remains separated from the water filled system beneath by the same 
semi-permeable membrane as used in the suction tests. Air is flushed 
from the system using disti11ed,de-aired water and a single air-water 
meniscus is formed in the horizontal capillary tube. The air pressure 
in the chamber is then varied·from below to above the osmotic pressure 
of the solution~~ The rate of movement of the meniscus is measured 
.- with a travelling microscope and a clock. This is plotted against 
the applied air pressure and the best fit line used to indicate the 
null movement air pressure (Pequation 5.1). Calibration is a 
w 
, 
~omplex and time consuming procedure. 
Because the PEG 6000 used is a mixture of polymers with an 
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average molecular weight 6000 to 7500 the suction produced by solutions 
of the same specific gravity but made from different chemical batches 
varies. Predictably, the differences increase as the concentration 
increases (Fig. 5.16). For solutions made from the same batch of 
chemical a single calibration curve relates specific gravity to 
suction. 
5.6.2.3 Vapour Pressure Method 
The apparatus (Fig. 5.17) consists of five gas jars containing 
sulphuric acid solution of known density. Rock pieces are placed 
on aluminium trays suspended from the rubber bungs of each jar. 
The rock specimens lose water to the solution until after about 3 
days the total potential of the remainder corresponds to the 
relative humidity of the solution in accordance with Raou1ts ' law 
(equation 2.6). A direct relationship between potential and 
solution concentration can therefore be established (Croney et a1 
1952).' This can be converted into a specific gravity-potential 
calibration curve (Fig. 5.18). 
To reduce equilibrium times a vacuum pump connected in a 
'ring main ' is used to partially evacuate the gas jars. The 
exhaust air .,containing sulphuric acid vapour, is passed through a 
sodium hydroxide solution before reaching the pump to reduce 
corrosion. A water trap is ~lso included to collect any condensing 
vapour. This also proved to ,be a useful safety device to trap 
alkali which was drawn back when the pump was accidentally switched off. 
Temperature differences between the specimen and solution can s~rio'us1Y 
reduce accuracy (Croney et al 1952). therefor~ these experiments are 
also conducted in a laboratory with a temperature controlled to 
20 ± 'D.50 C 
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5.6.3 The Rock Suction Characteristics 
5.6.3.1 Specimen Preparation 
The equilibrium times, particularly in the osmotic suction test 
are reduced if the contact betwe~n the specimens and the membrane is 
improved. Rock pieces selected from the 28/20 mm fraction were 
therefore cut on a small water lubricated lapidary saw to produce 
flat sided slabs 13 mm thick, The slabs were then placed" in an 
ultrasonic cleanser to remove the slurry,that was produced 'during the 
cutting process,from the rock pores. Before testing the slabs were 
saturated by placing them under water and applying a total vacuum. 
The same 15 slabs· of each rock were used for both the vapour 
pressure and osmotic suction tests. They were weighed to an 
accuracy of ± 0.0002 g which typically produces a standard error in . 
saturation moisture content of less than 0.21%. 
5.6.3.2 Vapour Pressure Tests 
The tests were conducted in such a way that systematic errors 
due to (a) the varying distance of the jars from the vacuum pump 
and (b) differences in the level of the aluminium trays, were 
minimised. 
'" l' 
After weighing the saturated and ~urface dried slabs, one slab 
of each rock (COL 2, WHIN 2 and Croft 105) was placed on each of the 
aluminium tra'ys (three trays' in five gas j,ars). , After the first test,with 
the weakest solution, one jar was 6pened and the slabs were quickly 
. ,weighed. The specific gravity of the solution was then determined with 
a density bottle and a new stronger solution poured into the jar. The 
slabs were then placed back in the same position. 
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This procedure was repeated for each jar. Before the next test 
the jars were circulated one position round the rin9 main loop. 
After completing all five tests, 'at gradually increasing suctions, each 
slab had therefore been tested once in eachofthe jar positions. The final 
oven dry weight was then determined enabling back calculation of 
the moisture content after each stage. 
During the tests, due to evaporation, the specific gravity of 
the solutions increased. Po, typical change in Gs was 2%, a pF change 
for examp1e, from 6.0 to 6.05. The applied suction wa~ taken to 
be that determined at the end of each test. 
As the tests progressed the DOL 2 sl~bs began to show signs 
of surface etching. When testing samples containing carbonates' 
it would therefore seem prudent to use other non-acidic'solutions 
for which the relative humidity against concentration relationship 
is known. 
5.6.3.3 Osmotic Suction Tests 
To minimise the number of osmometer calibrations a single 
large batch of osmotic solution was prepared for ea~h series of-
tests.· The suction at a specific gravity of between 1.03 and 1.04 
was then determined. In every case the result lay between the 
calibration curves obtained by Waldron and Manbeian (1970) and 
- Thompson (1981). The calibration curve was constructed by 
interpolating between these two curves. 
For the suctions appl ied,cellulose acetate membranes have a 
100% retention ~ efficiency for PEG 6000 (Kesting 1971). The 
same slabs could therefore be used in a series of tests without 
risk of contamination. 
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. Six ce11s,each containing two or three slabs of each rock, 
were placed in the same tank of solution. The initially saturated 
specimens were tested in three solutions of gradually increasing 
suction. The ,samples were weighted at the end of each 7 day test 
and the specific gravity of the solution determined with a 
hydrometer. Final1y,the oven dry weiqht was determined and by 
f, ( • 
back substitution, the moisture content after each stage was 
calculated. 
When the WHIN 2 slabs were removed from the cells the surface 
of some of them was damp. This seems to suggest that, when the 
cell is removed, eliminating the suction exerted by the bulk 
solution, liquid is drawn back by the desaturated slab. Although 
this phenomena was only visible on the dark. coloured WHIN 2 slabs 
it may also occur with other aggregates. 
5.6.3.4 The RSC Results 
The mean moisture content and mean sat~ration ratio and 
their corresponding standard deviations are given in appendix 1 b. 
Because the individual pieces of a given aggregate h'ave very. 
different saturation moisture contents, the moisture content at 
, , ,< ,'", 
a given suction is also very variable (coefficient of variation 
typically over 40%). Following earlier work the RSC's were 
therefore plotted as degre~ of saturation~ S , against potential 
. . . r. . 
(Fig. 5.20). Although ther~ is still considerable varia~ility. 
- in the S values of each piece (e.g. Fig. 5.19) in the range 
r 
4.5 < pF < 6.5, there is no overlapping of the 95% confidence 
intervals (Chatfield 1970). There is, therefore, strong evidence 
that~in this range·the S ranki~g of the three ~aterials is correct. 
r 
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5.6.4 The Aggregate Suction Characteristic 
5.6.4.1 Capillary Rise Tests 
The specimens were prepared in exactly the same way as the frost 
heave specimens in the main series of tests. This technique, described 
in section 7.3,involved the use of a vibrating hammer to compact th~ 
specimens at their optimum moisture content and maximum dry density. 
" ( 'c· , 
!heywere then wrapped in wax paper and placed on a porous"'ceramic 
disc in a copper carrier. The specimens were placed in a large 
covered tray containing tap water and surmounted by a waxed paper disc 
" . 
to prevent evaporation. The water was maintained level with the top 
of the porous stones throughout the 30 day test. 
Hurt (1976) and Thompson (1981) attempted to saturate their 
capillary rise specimens by immersing them in water for 24 hours. 
For dense spe~imen~ Hurt "also applied a sma1'l suction, up to 50 cm H20. 
These procedures did not result in complete s~turation for all 
materials. No attempt was therefore made to saturate the specimens. 
The initial moisture content was thus the same as that, of the frost 
heave specimens. 
At the end of the test five or six moisture content determinations 
were made at various heights up the sample. For the aggregate's there 
was a large (up to 3%) variation in moisture content with elevation. 
This was d~e mainly t~ the error involved in determining the ~oisture 
content' of coarse materials using only 226 to 530 gram samp1e"s 
. 
(BS 1377 1975 recommended minimum is 3 kg). The moisture content at 
pF 1.() (elevation 100 mm) was determined from the best' fit line placed 
, 
through the elevatio~ - moisture content data (Appendix le). 
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5.6.4.2 Osmotic Suction Tests 
The SF 4/80 specimens were mixed and compacted in the same way 
as capillary rise test specimens. They were then partially extruded 
from the mould to reveal a 15 mm disc of material. This was sliced 
off with a spatula and transferred to the partially assembled' 
osmotic cell. Aggregate slices cannot be prepared in thi~ way 
-(attempts with the finest aggregate Woodhall Spa 114 F2 were 
unsuccessful). 
An attempt was made to prepare the aggregates using the technique 
of Hurt (1976) and Thompson (1981). The specimens were compacted in a 
standard frost heave mould and then extruded into the plastic pipe 
before freezing, 'however, the small gap between the sample and pipe 
enabled the lubricating water to enter which rapidly thawed the slice. 
The specimen also vibrated in the pipe and in some cases, particularly 
with harder material, the spec~men completely disintegrated. ' Po more 
Successful technique applicable to all the materials tested was 
therefore developed. 
The aggregate was compacted into a nominally 102 mm diameter 
plastic pipe the bottom of which had been sealed with a water tight 
disc. When the specimen was:fully compacted a similar disc was 
Vibrated into the top and the entire assembly frozen in the cold 
room at -17°C for 24 hours~ 
Immediately after removing it from the cold room the pipe and 
aggregate,were cut into slices using a diamond studded masonry 
cutting disc.· Water was trickled over the disc to cool it, lubricate 
the cutting edge and reduce dust. The slice was firmly supported at 
all times to prevent vibrations dislodging the particles. When the 
~lice had finally been separated the slurry on the cut face was 
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washed off using a fine water spray. The sl ice was then covered and 
returned to the cold room whilst the other specimens to be tested 
in the same batch were prepared. The slices ranged in thickness 
from 15 to 20 mm but because the osmotic cell membrane is flexible, 
the variation in thickness presents no problems provided sufficient 
time is allowed for moisture content equilibrium to be attained • 
. , . 
Before placing the sl ices in the osmotic cell, the edges of 
the plastic collars were filed smooth to prevent sharp edges 
rupturing the membranes; any debris was again removed. The frozen 
slice in its plastic collar was then transferred to the osmotic 
cell which,after checking that the flat faces were free of grit. 
was clamped up and submerged in the osmotic solution. 
In some early tests the slices were allowed to thaw and the 
collars were slipped off before the cell was clamped up. It was 
difficult, however, to support the specimen so that the pore 
structure was not disturbed whilst the cell was beinq assembled 
and transferred to the osmotic suction. It was not considered 
.that the collars would induce serious experimental error because 
even at the lowest suction,which was equivalent to 158 cm of water, 
air would be able to overcome the hydrostatic pressure on the 
membrane and invade the pores. As for capillary rise tests , no ' .. 
attempt was made to saturate the specimens. 
For each material three or four slices were cut·from a single 
Specimen and each one tested at a different suction •. A number of 
- small tanks each capable of accepting two or three cells were 
available so more than one material was tested in each solution. 
Each batch of solution was again taken from the same bulk mixture 
and the interpolated specific gravity. - pF curve was always within 
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the calibration curves of Waldron and Manbeian (1970) and Thompson 
(1981) • 
At the end of each 7 day test the specific gravity of all the 
. . , 
solutions was determined along with moisture contents of all the 
aggregate slices (Appendix 1 d). 
. , 
5~6.4.3 The ASC Results 
For each material,. the saturation moisture contents, the 
densities and the specific gravities of frost heave specimens 
(Tables 10.6 and 5.7) were assigned to the ASC test specimens since 
they had been prepared in the same way. The results were again 
plotted in terms of the degree of saturation, Sr (Fig. 5. 21). 
Each data point represents a single determination except for 
Stanley Ferry 106 at pF 2.2 which is the average of three results. 
The range in S between the slices was 10% which is similar to the 
.' r " 
, ,. 
range of 14% obtained by Hurt (1976). This variability is much 
less than for the rock slabs, probably because of the averaging 
effect of the many rock pieces of varying size incorporated in each 
slice. 
The curve for SF 4/80 reveals a rapid desaturation of the 
material between pF 2.5 and pF 4. From the capillary rise equation 
(eqn. 2.7) this corresponds to pore radii in the range approximately 
5 IJm to 0.1 IJm'. This limited range of pore' sizes may be expected 
in a fine, n~n-porou~ gap .graded r,laterial such as this. The 'Sr 
." r,anking of the aggregates v.Jas virtually unchanged at suctions above 
pF2. Woodhall Spa. 114 F1 still retained a considerable volume of 
moisture at pF 4.0 which may be due to the high chalk content with 
its associated fine pore structure., 
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Reference Material Dry ~1oi sture Heave 
Source Densit¥ Content (mm) (Mgm- ~ (%) 
* Ashton Keynes 102 2.15 7.9 17 
Burns * Spencers Farm 103 2.17 6.7 9 
* 1977 c Croft 105 2.26 5.5 29 
* Stan1ey Ferry 106 2.23 7.0 20 
Hurt 1976 SF3/80 2.09 9.0 , . 19.4 
* Nominally Mid-Type 1 Grading 
TABLE 5.1' 'REPORTED' FROST HEAVE VALUES' FOR' SO~1E MATERIALS 
Size Other Inso1. Purity 
Material Fraction Ca C03 Mg C0 3 CO' Res. ,(Cox et a1 1977) (mm) (%) (%) (%) (%) 
38/20' 92 1 3 4 Low 
Ashton 20/10 92 1 2 5 Low 
Keynes 10/5 94, 1 0 5 Medium 
• 102 5/600 92 1 2 5 Low 
<600 89 1 1 10 Low 
38/20 97 0 0 3 Medium 
20/10 97 0 0 3 to High 
Dene 10/5 95 , 0 1 4 
} Medium 119 5/600 96 0 0 4 
<600 94 0 0 6 
38/20 88 ' 1 3 '8 
20/14 90 1 3 6 
00L2 ,14/10 93 1 1 5 Lbw 
10/5 91 ' 1 2 6 
5/2.5 85 1 5 9 
2.5/600 86 1 4 9 
. \ ' . i .: '.': 
TABLE 5.2' 'CHEMICAL'COMPOSITION'OF THE LIMESTONE'SIZE'FRACTIONS 
Other Insol. 
Material Ca C0 3 Mg C0 3 C0 3 Res. Stain (%) (%) (%) (%) 
Ashton Keynes 70 1 1 28 Purple 
102 91 1 2 6 
~\ 
Dene 95 1 2 2 Pink 
119 96 0 0 4 Pink 
91 1 4 4 Pink 
Pink 
, Purpl e 
00L2 90 1 3 6 Purple 
87 1 10 2 Purple 
TABLE 5.3 CHEMICAL COMPOSITION OF INDIVIDUAL LIMESTONE-PIECES 
Material 
Woodhall 
Spa 
114 
Spencers 
Farm 
103 
Size 
Fraction 
(mm) 
38/20 
20/10 
10/5 
> 
5/600 
600/300 
<300 
All 
Fractions 
Individual 
rieces 
'Dissolved 
by acid 
(%) i ' 
0 
22 
61 
32 
4 
7 
3 
0 
Visual' 
Separation (%) 
0 
21 
62 
30 
TABLE 5.4' PROPORTIONS OF'CARBONATEINEACH SIZE FRACTION 
OF' THE' FLINT GRAVELS 
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i 
- , 
13~ 
Size Ashton Spencers Stanley Woodha 11 
Fraction Keynes Farm Ferry Croft WH1N2 Dene 0012 Spa 
Property (mm) 102 103 106 105 119 114 
Angularity 20/14 7 • 6 5 10 10 8 11 . 9 Number 14/10 6 7 4 9 , 10· 7 11 9 
10/6.3 4 10 5 10 10 9 10 5 
Elongation .28/20 11 39 i7 33 61 21 52 ·53 Index 20/14 41 44 26 57 43 66' 35. 53 (%) 14/1 0 38 47 15 6 35 ,22 44 64 
10/6.3 31 47 10 27 40 44 40 33 
Flakiness 28/20 53 15 30 . 12 19 9 17 ' 24 Index 20/14 48 20 22 11 34 4 52 '24 (%) 14/10 44 17 27 27 34 . 32 49 ' 25 
. 10/6.3 30 21 35 17 39 13 51 38 . 
Saturated 20/10 3.8 2.1 4.0 1.5 3.2 2.0 4.1 3.1 
Moisture Content 10/5 4.7 4.4 4.8 1.3 3.5 2.2 4.4 7.2 (%) <5 3.7 2.2 3.5 1.8 .1.8 2.0 3.8 ,1.5 
Specific 20/10 2.73 2.59 2.67 2.67 2.86 2.66 2.73 2.64 Gravity 10/5 . 2.64 2.65 2.80 . 2.67 2.85 2.71 2.72 2.70 
<5 2.73 2.66 2.76 2.72 ,2.71 2.71 2.73 2.66 
PorQslty 20/10 9.4 5.2 9.6 3.8 8.4 5.1 10.1 7.6 
(%) 10/5 11.2 10.4 ,11.8 ' 3.4 9.1 5.6 10.7 16.3 <5 9.2 5.5 . 8.8 4.7 4.6 5.1 9.4 3.8 ) 
Agg. Crush. Val. 14/10 29 12 21 ' 17 19 22 33/60t 18 (%) 
Agg. Impact Val. 14/10 23 16 31 (%) 20 15 16 17 29 
Plastic/Liquid <·425 N.P •. N.P •. 
Limit 
N.P. N.P. 17/20N.P. 22/27, N.P. 
t ,... . 
Ten percent Fines Value/KN . 
TABLE 5.5' PROPERTIES OFTHE'INDIVIDUAL FRACTIONS OF EACH AGGREGATE 
~ 
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Percentage passing sieve (mm):- D6D DaD 010 Cut Czt 
Material 20 10 5 0.6 0.3 .063 , 
65 40 25 B 6 0 Z?B 6.3 .Bl 22.0 2.75 
102 65 39.5 25.5 8 3 0.5 17.7 6.3 .99 17.9 2.26 
103 66 41 25 9 4 1 1 i' • 1 6.5 .71 24.1 3.48 
C 106 64.5 39.5 25.5 8 2.5 0 18.3 6.1 .77 23.8 2.64 105 65 40 24 8.5 4.5 1 18.4 7.2 .73 25.6 3.91 
105b 65 54.5 24 8.5 5.5 1.5 18.4 7.2 .72 25.6 3.91 
119 '64.5 43 24.5 8 4.5 1.0 17.2 7.2 .83 20.7 3.63 
?7 55 35 25 22 5 12 3.2 .21 57.1 4.06 
102 "77.5 55.5 35.5 14.5 5 1 11.6 3~8 .44 26.4 2.83 
103 76 54.5 35.5 15 6 1 12.1 3.3 .40 30.2 2.32 
106 76.5 54 35 15 7 1 13 3.8 .39 33.3 2.85 
M 105 75 54.5 35 13.5 7.5 1 13.4 2.3 .40 33.5 0.99 
105b }5 54.5 35 13.5 9.5 1.5 13.4 2.3 .34 39.4 1.16 
119 73.5 53 35 14.5 7 1 12.5 2.9 .41 30.5 1.65 
88.S 70 45 22 17.5 20 7.B 1.4 .08 123.B 3.99 
102 85.5 69.5 46.5 22. 8.5 1 7.7 1.7 .33 23.3 1.14 
103 86.5 69.5 46.5 22.5 9.5 1 7.9 1.3 .31 25.5 0.69 
Fl 
106 86.5 69 46.5 22 10 2 7.3 1.4 .30 24.3 0.89 
105 85.5 68.5 43.5 20.5 11.5 1 8.5 1.2 .26 32.7 0.65 
105b 85.5 68.5 43.5 19.0 13.0 5.5 8.5 1.2 , .21 40.5 0.81 
119 83.5 67 46.5 22.5 11 1.5 8.5 1.2 .27 31.5 0.63 
114 85.5 69 44 22 16 1 7.9 1.4 .22 35.9 1.13 
200 85 65 33.S· 2S 20 3.35 .45 .06 53.2 0.96 
Fl/2 114 100 86.5 66 34.5 25 1 3.3 .40 .18 ' 18.3 0.27 
-
200 B5 45 34 10 1.4 .25 .08 22.2 0.'11 F2 114 
-
100 86 45.5 34.5 2 1.2 .27 .16 . 7.5 0.38 
C 65.5 41 25 6 4 0.5 17.9 6.5 .81 22.1 2.91 
WH1N2 M 73 55.5 33.5 11.5 8.5 3.5 12 3.3 .45 26.7 2.02 
Fl 86 65 39 17 14 9 8.9 1.7 ' .15 59.3 2.16 
00L2 M 62 36.5 21 5.5 4 3 18.6 7 1.41 13.2 1.87 
t Cu = Coefficient of Uniformity • 060 /010 : 
2 C~ • Coeff1ci~nt of Curvature .~ 
Figures in italics are target values °600ao 
TABLE 5.6 INITIAL GPADINGSOF THE ArGREGATES 
l·~n 
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Ash'ton C 6 26 47 4.0 2.73 9.7 2.06 7.2 83.7 6.7 9.6 
KE!ynes M 6 29 44 4.0 2.72 9.8 2.11 7.3 86.1 7.0 6.9 10.0 J .1 1.2 
102 Fl 5 31 . 41 4.0 2.72 9.8 2.14 7.4 87.3 7.3 5.4 
Spencers C 8 43 18 2.7 2.62 6.6 2.10 8.0 85.7 11.1 3.2 
Farm M 8 44 18 2.7 2.64 6.7 2.14 6.6- 87.0 8.3 4.7 '16.0 1.2 1.5 
103 Fl 8 45 19 2.8 2.64 6.8 2.16 6.5 87.8 8.1 4.1 
Stanley C 5 18 28 4.0 2.74 9.8 2.04 . 8.6 82.6 9.4 8.0 
Ferry M 5 18 28 4.0 2.74 9.8 2.12 7.5 85.8 7.6 6.6 9.0 1.& 1.5 
106 Fl 5 17 29 3.9 2.75 9.8 2.19 6.8 88.3 6 .. 3 5.4 
Croft C 10 36 9 1.6 2.69 4.0 1.96 7.0 76.0 10.7 13.3 
105 M 10 34 15 1.6 2.69 4.1 2.15 6.9 83.3 11.4 5.3 19.0 0.8 0.7 
Fl 10 33 16 1.6 2.69 4.1 2.11 6.8 81.8 11.0 7.2 
C 10 50 27 2.9 2.82 7.6 2.16 9.8 82.8 14.9 2.3 l-lHl N2 M 10 49 28 2.8 2.80 7.3 2.22 8.0 85.4 11.5 3.1 7.0 0.9 0.9 
Fl 10 45 32 2.7 2.80 7.0 2.24 8.0 86.1 11.9 2.0 
C 8 34 14 2.1 2.70 5.3 2.05 6.7 80.4 9.5 10.1 Dene ~I 8 36 14 2.1 2.70 5.2 2.17 5.4 84.8 7.3 7.9 10.0 1.6 1.5 119 Fl '8 39 14 2.1 2.70 . 5.2 2.18 5.3 85.2 7.1 7.7 ~ 
, 
OOL2 M 11 47 33 4.1 2.74 10.1 2.05 7.4 83.3 6.8 9.9 9.0 1.4 1.3 
I-lood ha 11 t Fl 7 47 3D 3.4 2.68 8.5 2.13 6.9 86.9 7.3 5.8 11.0 1.8 1.7 Spa Fl/2 7 47 31 2.9 2.67 7.1 2.04 7.9 82.2 10.2 7.6 
114 F2 5 33 38 2.4 2.67 5.9 1.96 8.9 78.1 12.8 9.1 32.0 
. 
4/80 -
- -
0.0 2.65 0.0 2.00 9.0 75.5 18.0 6:5 0.88 2.5 2.4 SF T/80 - .. 
-
0.0 2.65 0.0 1.89* 9.0* 71.3* 17.0* 11.7* - - -
T/85 - - - 0.0 2.65 0.0 1.89* 9.0* 71.3* 17.0* 11.7* - - -
Concl'ete 
- - - - - - -
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CHAPTER 6 
THE TEMPERATURE CONDITIONS IN THE COLD ROOM 
AND PROTOTYPE SELF REFRIGERATED UNIT 
6.1 Introduction " 
The boundary temperatures imposed on granular materials'which 
are frozen uniaxially from one end in an open system have a major 
effect on the heave. Penner and Ueda (1978)have indicated that heave 
rate is dependent on the cold side temperature, Konrad and Morgenstern 
.. (1980,1981)have shown that it depends on the temperature gradient 
and on the warm side temperature and Onalp (1978) believed that the 
water temperature in the Nottingham University prototype chilled 
tank SRU had a profound effect on the final heave. 
The temperature requirements in cold room freezing cabinets 
been defined in SR318 (Anon 1977). 
Currently, however, there are no guidelines as to the temperatures 
or their tolerances which are necessary in order to produce 
acceptable heave results in SRU's. 
A comprehensive programme of temperature monitoring, in.the 
• 
cold room/freezing cabinet and prototype SRU, was therefore 
undertaken. The object ~as to quantify~the temperature conditions 
in the two units under various modes of operation and thereby enable 
the optimum testing modes to be determined. To effect this comparison 
it was necessary to derive three major parameters which together 
. . 
characterise the temperature conditions in a particular operating 
mode. 
• "r:; I t ... 1 .... 
6.2 The Alternative Modes of Unit Operation that were Investigated 
The freezing cabinets are fitted with stirrers to improve 
water circulation. This modification in conjunction with the use 
of vermiculite (Ku= 0.04 Wm- 1 OC- 1) rather than dry coarse sand 
(Ku= 1.5 Wm- 1 OC- 1) has been shown to improve the repeatability 
of the test (Jones and Hurt 1975). The separate influences of th~. 
stirrers and packing medium on the temperature regime were investigated. 
The air temperature in.the cold room is controlled by a 
1.5 kW condensing unit used in conjunction with a ceiling mounted 
defrost cooler. This cooler incorporates two 90W fans which 
circulate the air throughout the room. Every 12 hours, however, 
these switch off for a period of 20 minutes to enable the cooler to 
defrost. In cold rooms with this type of air circulation system 
it has been noted that the air temperature varies throughout the 
room (Burns 1977b) The changes in specimen boundary temperatures 
due to defrosts and altering the location of the freezing cabinet 
were therefore studied. 
The problems of the cold room defrost period can be overcome. 
by having dual compressor, condenser,and fan arrangem~nts 
but a cheaper and more convenient approach for frost susceptibility 
testing, is to use a chilled tank SRU. 
The prototype SRU had been developed at the University of 
. ' . 
No~tingham (Section 4.6.2.1) incorpo~ated a small internal 
. , 
fan to:circulate the air and.the alternatives of. thermistor or 
mercury contact thermometers for controlling the water temperature. 
The influence of these, and of using vermiculite rather than sand 
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packing, on the temperature conditions in the unit were also 
investigated. 
The boundary temperatures of the specimens may be influenced 
by the heave so it was necessary to measure the temperatures of 
both heaved and unheaved specimens. However, in this investi9ation 
it was desirable that such complicating factors as moving 
boundaries, moisture transfer/freezing and heave varia~iljty were 
avoided,so that the effects of the alternative modes of operation 
, 
were not obscured. Therefore, concrete specimens 102 mm diameter 
and either 152 or 175 mm tall were used. These had a thermal 
conductivity of 1.7 Wm- 1 oC- 1 which is in the middle of the range 
co~ered by the 'real' materials (0.9 to 2.5 Wm- 1 OC- 1). 
6.3 The Method of Measuring the Temperature Regimes 
6.3.1 Instrumentation 
The specimen boundary temperatures were monitored using copper 
constantan thermocouples (BS 4937 1974) placed in the centre of the 
top and bottom faces. These were bedded in a thin layer of fine 
sand so that the tufnol discs and porous stones seated correctly. 
To measure the water bath temperature nine thermocouples were 
fixed~ using adhesive tape, so that their measuring tips ~ere ' 
exposed below the centre of the porous discs. One more was placed 
on the tip'of the water temperature sensor - the mercury contact 
thermometer or, in the SRU, thethermisto~. 
To monitor the air temperature, thermocouples, loaded with 
5 mm diameter phosphor bronze ba 11 s (BS 4864 1973), were fixed with 
! 
I 
I 
1 
I 
I 
I 
I 
I 
" 
--.----------~ ---~- -
adhesive tape to three wooden dowels at levels 150, 200, 250 and 
600 mm above datum (the level of the bottom of the specimens). 
These dowels were placed vertically at plan positions 1,6 and 4 
(Fig. 6.1). In the SRU,one further thermocouple was also fixed to 
the air temperature sensing bulb. 
, . 
6.3.2 Data Acquisition 
Some preliminary measurements were made manual1~ using a·Comark 
electronic thermometer linked to two 20 channel selector boxes; 
./ 
accuracy ±0.5°C. Since the main investigation required temperatures 
at many points to be monitored over a long period of time the system 
shown diagrammatically in figure 6.2 was used. 
The forty thermocouples (sufficiently long to allow the freezing 
cabinet to be wheeled well clear of the door for easy loading) were 
fed from the cold room through a service port and wired into the 
data logger. From the SRU forty-one thermocouples were fed through 
, a small hole between the test chamber and the instrument p~nel and 
out to the back of the data logger. 
The Solatron data logger incorporated an electrical thermocouple 
compensation unit,equivalent to a cold junction of QOC,and was 
capable of scanning up to 120 channels at· a rate of either 0.1 
or 1.25 secs/channel at intervals ranging from one second to two 
, .. 
hours. In this investigation the logger was set to scan all the 
thermocouples at 2 minute intervals at the fast speed or 30 minute 
intervals at the slow speed. The voltage output from each 
.' 
thermocouple was displayed on a digital voltmeter and recorded on 
~nched tape for subsequent computer analysis. 
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After being wired to the logger each thermocouple was individually 
calibrated by placing the tip in chilled alcohol. The voltage produced 
at each of forty temperatures as the liquid warmed was recorded. The 
minimum range of temperatures was' l2°e .;spanning the temperatures 
at which the thermocouple was expected to be operating. Each 
thermocouple showed a linear response of voltage to temperature and 
by linear regression of voltage on temperature the intercept and slope 
constants were determined. For all thermocouples coefficients of 
correlation better than 0.99 and 95% confidence intervals better than 
±O.loe were obtained. 
A single thermocouple was calibrated three times. These 
calibrations indicated that the absolute accuracy of the temperatures' 
was better than ±0.2Soe although in the region close to oOe the accuracy 
was considerably better (approximately O.loe). 
6.3.3 Data Processing 
The paper tape containing the thermocouple voltages was fed into 
a computer file which was inspected and any spurious data was removed 
or corrected. The voltages were then converted into temperatures 
using the two calibration constarits obtained for each 'thermocouple. 
These were also stored on file in the computer. 
In a typical test run up to three thousand temperatures were 
recorded. In order to compare the different temperature regimes it 
was necessary to reduce this mass of data to a small manageable 
number of derived parameters. The next section describes the function 
of each of the parameters and shows their mathematical derivation. 
Each one is a mean or standard deviation, which describes numerically 
a particular feature of the temperature regime. Each has, therefore, 
159. 
been ascribed a name, shown in italics, which is indicative of the 
feature it quantifies. 
6.3.4 The Temperature Parameters 
The temperatures recorded at each scan of the logger. instant, 
'11 
" and at each thermocouple location, point, form the basic spot 
temperatures. '(Since the units produce a vertical 'temperature 
gradient through the specimens the parameters calculated from these 
spot temperatures are obtained for each separate level without any 
averaging between levels). A typical matrix of the spot temperatures 
obtained on one level and the mathematical definition of the derived 
parameters is shown' in Table 6.1. 
For every instant the mean temperature on the level was 
determined (Instantaneous ZeveZ temperature -L). 
For each point the mean temperature was obtained (Point mean 
temperature -P). 
This grouping produced one parameter for each instant and one 
for each position. In order to further reduce the amount of data 
these were combined to yield just three major parameters.', 
The overall mean level temperature (n. This is the average of 
all the temperatures recorded on the given level. 
The level'temperature variation (V). This is the'standard 
deviafion of the point mean temperatures.· For the given level it is 
a measure of the mean variation in temperature with position in the 
The level temperat~refluatuation (F). This is the standard 
deviation of all the level temperatures. For the given level it is 
a measure of the mean fluctuation in temperature with time during 
the test period. 
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A number of other parameters were defined some of which helped 
when debugging the data. 
analyses. 
However, they were not used in subsequent 
6.3.5 Computer Output 
The above parameters were initially calculated using a BASIC 
, 
program and a Varian 620 L 100 mini computer. Pl ott i ng was 
performed by a Wang 600 series desk top programmable calculator 
linked to a golf ball typewriter. As the work load increased, 
however, this system proved too slow and cumbersome and work was 
transferred to an ICL 1900 series mainframe computer, the calculations 
being performed by an 850 ,line FORTRAN program. 
For each instant the 'real' time and the time elapsed since the 
beginning of the test were calculated along with the spot temperatures 
and the instantaneous level temperatures. These were output in 
digital form (e.r. Appendix 2a) also stored in an output file within 
the computer. 
At the 'end ,of the test period a ,summary was produced containing 
the point mean temperatures and the T, F and V values (e.g. Appendix 2b). 
These too were added to the output file. 
Three plotting routine~were also writte~ which enabled the 
fluctuations with time,of either spot temperature~ or level 
. { . 
temperatures,to be presented graphically.· 
--6.3.6 Analysing the Results 
When the testing programme was completed a total of thirteen SRU 
- . 
andelevencoldroom specimen/apparatus combinations had been 
investigated (Appendix 2c). In all these tests a 3C minute scanning 
I 
! j 
I 
interval lasting for up to 60 hour was used. The T, F and V values 
calculated from these formed the basis for comparing the temperature 
regimes. The fluctuations of the instantaneous level temperatures 
with time were also compared using the graphical output. 
During some of the tests 2 minute scanning for a maximum period 
of 4 hours was also used. The graphical output from these runs 
enabled the short term fluctuations of instantaneous level .temperatures 
to be investigated. 
Of the seven levels at which temperatures were recorded five 
were used in the results analysis. These were the water bath, top 
of specimen and bottom of specimen levels,and in the air, levels 250 
and 600 mm. The 600 mm level is the level at which SR318 defines 
the cold room air temperature and the 250 mm level because it was 
being used in temperature measurement work being undertaken by 
the TRRL. 
6.4 Tuning the Cold Room 
Before the main series of cold room tests began the air 
temperature was monitored to ensure that it was within the SR318 
requirements of -17 ± 1°C, between defrosts, at 450 mm above the 
specimen (level 600 mm). Initially with the freezing cabinet 
in the back right hand corner of the experimental area this was 
not the case. After a s~ries of trial and error adjustments 
. . . ° (Appendix 2d) a temperature at level 600 mm of -17.5 ± 0.25 C, 
cycling with a frequenCY of 5 minutes, was obtained. The main 
series of cold room tests were therefore undertaken, beginning with 
the freezing cabinet in the back right hand location. 
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6.5. Factors which Influence the Temperatures in the Freezin~ Cabinet 
6.5.1 The Defrost Period 
During the defrost period, which occurred every 12 hours, the 
air temperature increased rapidly for 20 to 30 minutes. When the 
fans and condenser switched back on, the temperature fell again 
until the thermostat activated after about 12 minutes (Fig. 6.3.). 
The temperature at the top of 152 mm tall specimens (L value) 
increased by about 0.8 °c during the defrost period and only 
subsided to its original value after about 7 hours (Fig. 6.4). 
The temperature in the water bath and at the bottom of the specimens 
was unaffected. 
To assess the influence of the stirrer, packing/medium, and 
specimen height on temperature, the results from fue 30 minute 
scanning tests were all analysed over a 30 to 36 hour period which 
. included two defrosts. The T, F and V values in each test were 
therefore influenced by tredefrost to a similar degree (Table 6.2). 
6.5.2 The Stirrer 
With the stirrer on the water bath temperature control was 
extremely good (T = 4.0 to 4.2, V < 0.2 and F ~ 0.1 °C), well 
within the requirements of SR3l8 of 4.0 ± O.SoC. In comparison 
(Fig. 6.4) the temperature control with the stirrer off was very 
poor (T = 3.4 to 4.6! V = 0.8 to 1.4 and F·= 0.5 to 0.8°C); 
outs i de th.e SR318 requ i rements. 
At the bottom of the specimens the temperature fluctuations 
were much larger with th~ stirrer off, though the fluctuations at 
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the top of the specimens were unaffected (Fig. 6.4). The results 
reported in this section were independant of the type of packing. 
Further analysis of cold room temperatures was confined to tests 
in which the stirrer was used. 
6.5.3. ' The Location of the Freezing Cabinet 
" 
The freezing cabinet was loaded with the 152 mm tall specimens 
and packed with sand and placed in four different lbcations .in the 
cold room. Temperatures were monitored over a period of 30 to 36 
hours which, except for the original back right hand location, 
incorporatedthree'defrosts periods (Table 6~3). 
The overall mean temperature at level 600 mm varied with the 
location of the freezing cabinet. The warmest location was the 
back right hand corner (T = -17.0oC) and the coldest was the front 
right one (T = -18.l°C).' 'This difference was ,reflected in the 
overall mean temperatures recorded at level 250 mm and,more 
importantly, in those measured at the top of the specimens. The 
range between these two locations was from T = -6.1 to T = -9~loC. 
There was,however, no great difference in either the f or V 
values (in tests where the same number of defrosts occurred). 
The temperatures in the water bath and at the bottom of the 
specimens did not appear to be directly influenced by the location 
of the freezing cabinet. 
I 
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6.6 Factors which Influence the Temperatures in the Prototype 
Self Refrigerated Unit 
6.6.1 The Water Temperature Sensor 
From the graphical output from the two minute scanning tests 
(Fig. 6.6) it is clear that the fluctuations in temperature 
experienced at the specimen boundaries are dominated by those 
emanating from the water bath. These were similar for-both the 
thermistor and mercury contact thermometer and were far greater 
than those occuring in the freezing cabinet. 
For the water bath lev~l inspection of the V .values from the 
30 min. scanning tests, revealed no differences between the sensors. 
A1~hough the overall mean temperature varied between the tests 
neither sensor produced consistently higher or lower V values 
(Table 6.4). 
Inspection of the output summary revealed that the point mean 
temperature in the water bath below the front left specimen (g) 
was always 0.3°C warmer than for any of the other positions. The 
combined evidence. of all these results indicated that the water 
\ 
in the bath of the SRU was being inadequately circulated. 
6.6.2 The Internal Fan 
- Above the specimens, level 250 mm, the fluctuation in. 
temperature (Fig. 6.6) was much less when the fanwas on •. This 
reduction was reflected in the F values from the 30 minute 
scanning tests (Table 6.4) •. The level temperature variation was 
also greater with.the fan off. Inspection of_the point mean 
temperatures revealed that the centre of the unit (position 6) 
was up to 3°C warmer than the edge (positions 1 and 4). the 
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corresponding difference with the fan on was 1°C.' The improvements 
in the air temperature regime as a result of using the fan confirm 
the findings of previous work (Onalp.1978) •. The observed fluctuations 
and variations were much greater than those in the cold room 
(between defrosts) though the overall mean temperatures were only 
slightly less (cf. Tables 6.2 and 6.4). 
At the top of the specimens the temperature variation was, 
surprisingly, unaffected by whether the fan was on or off, in both 
cases, for 152'mm tallspecimens,.the central position was 0.9 to 
0.5°C warmer.than at any other. The V values are, however, similar 
tothose in the freezing cabinet. Because of the dominance of water 
bath temperature fluctuations no influence of the fan on the F, values 
was detected. ~ 
It is worth noting here that there were considerable differences 
in the overall. mean temperature at level 600 mm between the test 
with the fan on and those with the fan off (Table 6.4). This is 
probably due to the accumulation of a layer of warm lighter air just 
below the.lid of the unit (level 620 mm) when the fan is off~ 
, . 
The observations made in this and the preceeding section were 
the same whether vermiculite or s~nd packing was used. 
6.7 The Influence of Factors Common to'Both Units ,. 
6.7.1 The Pull Down Time 
As soon as the freezing test began the temperatures in the. 
units"gradually decreased until the/operating values' were 
obtained, (Figs 6.3 and 6.5). The time that this takes was termed 
the 'pull down' ,time. 
The pull down times in the freezing cabinet (stirrer on) and 
SRU (fan on, mercury contact thermometer sensor) with 152 mm 
specimens and both sand and vermiculite packing were determined 
from the graphical output for 30 minute scanning tests (Table 6.5). 
In the freezing cabinet the air temperature pull down time 
was approximately 20 hours but at least one defrost period (seen 
, 
as peaks on Fig. 6.3) will occur during this period. The exact 
time since the beginning of the test at which this event occurs 
will influence the pull down time. With this in mind there was 
no obvious difference in the pull down time due to the packing 
medium. 
In the prototype SRU the pull down time of the air was four 
hours and independent of the type of packing. In the water bath 
and at the bottom of the specimens, however, the pull down time 
was much greater with vermiculite packing. The implication was 
that, despite the independent cooler, the water bath was cooled 
predominantly by conduction through the specimens and packing 
medium. Since vermiculite is the superior insulator, conduction 
was less and hence the pull down time was greater. 
6.7.2 The Packing Medium 
In the freezing cabinet the overall mean air temperature at 
level 600 mm was similar for all four tests where the stirrer was 
used (Table 6.2). With vermiculite packing, however, the oyerall 
mean temperature at level 250 mm was O.4°C lower than with sand. 
This is presumably because the superior insulating properties of 
vermiculite limits the vertical transfer of heat from the water 
bath to the air. With vermiculite packing, therefore, the 
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specimens were heaving into a colder environment than with sand. 
This difference was reflected in the overall mean temperature 
recorded at the top of the specimens. 
With vermiculite packing the temperature at the top of 175 mm 
tall specimens was 2.6°C lower than at the top of 152 mm tall 
specimens •. With sand packing the difference was only o.goe 
. (Fig. 6.7). In the prototype.SRU a similar result was obtained 
though with sand packing the difference between the overall mean 
temperature above 152 and 175 mm tall specimens was greater (1.7°C). 
For both units comparison of the graphical output from the 
two minute scanning test and the F and V values (Tables 6.2 and <' 
6.4) revealed no obvious differences between sand and vermiculite 
packing. ; 
6.8 Conclusions-
6.8.1 Measuring Temperature Regimes in the Freezing Cabinet'and SRU 
Three major parameters (section 6.3.4) were developed to 
characterise the various features of the temperature regimes in 
the freezing cabinet and SRU. These proved successful in identifying 
the individual effect of alternative modes of unit operation. i 
In SR318 the air temperature requirements of freezing cabinets 
are specified at level 600 mm. However, the temperatures· measured 
at this lev~l did not necessarily reflect. the temperature at lower 
levels (particularly in-the SRU) or at the top of the specimens. 
Ideally, the temperatures produced in different units should 
be compared in terms of their effect on the boundary temperatures 
of 'identical' specimens. In practice it is difficult to ensure 
that testing houses have identical specimens. An alternative 
I 
approach is, therefore, to measure air temperatures much closer 
to the specimens where the effects of alternative techniques on 
the air temperature are observed - a suitable level would be 250 mm. 
6.8.2 :The Optimum Testing Mode in the Cold Room 
With the freezing cabinet in the back right hand location the 
air temperature was within the SR318 requirements, ~ut because the 
cold room temperature varied throughout the room, this was not :. 
'necessarily so when the freezing cabinet was in a different location. 
The temperature control below the specimens was greatly 
improved by using the stirrer to circulate the water in the bath. ' 
,Replacing ,the sand' packing with vermiculite did not reduce the 
. variabil i ty of specimen boundary temperatures. It did, however, 
alter the relationship between the mean temperature at the top of 
heaved 'and unheaved specimens. To maintain continuity with previous 
testing and adhere to SR318 it is therefore preferable to retain 
sand packing •. 
. The optimum test mode is, therefore, to use the stirrer and 
sand'packing with the freezing cabinet placed in the back right 
hand location. This testing mode and the same freezing cabinet 
was used for all further heave tests in the cold room reported in 
this thesis. 
Even in 'this mode, however, the unavoidable defrost period' 
caused large perturbations in the temperature at the top of the 
specimens. The effect lasted for up to 7 hours after the defrost 
period had ended. 
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6.8.3 The Temperature Regime in the Prototype SRU 
The fluctuation of specimen boundary temperatures in the prototype 
SRU were much greater than in the cold room (between defrosts). These 
fluctuations were not influenced by the type of water temperature sensor, 
or packing medium: 
Although the fan reduced the air temperature fluctuations, it also 
lowered the temperature at the top of the specimens. It did not 
reduce the temperature fluctuations at this level. As in the cold room, 
the ratio of the temperature at the top of heaved and un heaved specimens 
was influenced by the packing medium. 
The indications were that improved temperature control could be 
achieved by improving the circulation of the water bath rather than 
changes to the packing medium, water temperature sensor or by 
circulating the air above the specimens. These improvements were 
incorporated in a new SRU (Chapter 8). 
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TABLE 6.1' MATHEMATICAL'DERIVATION OF THETE~PERATURE PARAMETERS 
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T / °c v / °c F / °c 
Level Stirrer */t 152 175 152 175 152 175 
On Sand -17.0 -17.1 0.55 0.02 0.39 0.64 Vermic -17.1 -16.7 -0.56 0.84 0.31 0.36 
600 mm 
Off Sand -17.5 -17.4 0.36 0.13 0.36 0.47 Vermic -17.7 -17.8 0.35 0.13 0.24 0.63 
On Sand -16.1 -15.7 0.80 . 0.14 '. 0.34 0.51 Vermic -16.7 -16.3 0.75 . 0.80 0.25 0.22 . 
250 mm 1 
Sand -16.5 -16.0 0.68 0.22 0.31 0.38 I Off l Vermic -17.0 -17.0 0.86 0.35 0.22 0.56 
- ~ 
On Sand. -6.1 -7.1 0.79 0.44 0.15 0.15 : Top' Vermic -6.0 . -H.6 1.35 0.73 0.12 0.14 
of 
: Specimens Off Sand' -7.1 . -8.1 0.94 0.55 0.16 0.17 Vermic -6.8 -8.6 1.55 1.01 O. 11 0.38 
On Sand 3.1 3.1 0.29 0.26 0.05 0.07 Bottom Vermic 3.3 3.0 0.24 0~32 ' 0.02 0.04 
of 
Specimens Off Sand 1.4 1.3 1.08 1.18 0.15 0.14 Vermic 2.2 2.9 0.89 0.88 0.13 0.73 
On Sand 4.2 4.2 0.17 0.14 0.08 0.07 
Water Vermic 4.2 4.0 0.16 0.15 0.04 0.07 ! I 
Bath I Sand 3.4 3.7 1.36 1.13 0.51 0.47 , Off Vermic 3.7 4.6 1.08 0.78 0.57 0.81 
J , 
[ 
*Packing medium sand/vermiculite 
J tSpecimen height/mm I 
'j 'TABLE 6.2 
I 
TEMPERATURE' PARAMETERS' RECORDED IN THE' FREEZING CABINET ! 
I 
UNDER VARIOUS TESTING MODES j 
I 
I 
. TABLE 6.3 TEMPERATURE'PARA~1ETERS'RECORDED'IN'THE FREEZING'CABINET 
'AT'VARIOUSPOSITIONS~IN'THECOLD'ROOM ' 
'73 
Sand T I °c V I °c r I °c Specimen Fan Vermic Sand Vermic Sand Vermic level height setting M.C. TH. M.C. TH. M.C. TH. M.C. TH. M.C. TH. M.C. lH. 
(Illll) 
152 on -16.7 -16.5 -18.0 -16.9 0.88 0.87 0.73 0.93 0.34 0.40 0.49 0.40 
60~ off -9.4 -9.1 -13.7 ~12 .9 1.13 1.38 5.1 5.14 0.74 0.62 0.80, 1.21 
on -16.6 -16.5 -16.4 -16.4 0.41 0.41 0.43 0.41 0.40 0.36 0.37 0.38 
175 
off -8.7 1.13 0.72 
on -17.0 -16.8 -18'.0 -16.7 0.50 0.51 0.51 0.51 0.34 0.40 0.48 0.39 
152 
250mm off -18.0 -18.4 ' -18.3 -17 .6 1.20 1.18 1.25 0.75 0.60 0.55 0.71 0.61 
on -16.7 -16.6 -16.7 -16.8 0.45 0.46 0.42 0.44 0.38 0.35 0.37 0.37 
175 
off -18.1 1.48 0.5G ' 
-
on -8.0 -8.1 -6.8 -6.3 0.92 0.87 1.03 0.86 0.14 0.19 0.19 0.18 
lop 
152 
off -7.3 -7.3 -5.9 -5.4 0.85 0.89 ,0.71 0.79 0.23 0.16 0.32 0.22 
Of 
-10.2 ~-10.2 -10.2 -10.3 0.62 0.62 0.67 0.68 0.14 0.12 0.10 0.16 on 
Specimens 175 
off -9.0 ' 0.59 0.16 
on 2.9 2.4 2.9 3.0 0.54 0.55 0.77 0.68 0.16 0.22 0.27 0.21 
152 
Bottom ,off 2.4 2.6 3.3 3.3 0.59 0.46 0.66 0.88 0.26 0.20 0.28 0.28 
Of 
on 2.4 2.2 2.4 2.1 0.50 0.55 0.46 0.50 0.23 0.18 , 0.15 0.46 
Specimens 175 
off 2.9 0.40 0.18 
on 4.2 3.8 3.8 3.9 0.36 0.43 0.77 0.84 0.16 0.22 0.26 0.20 
'tlater 152 off 3.8 3.9 4.2 4.3 0.47 0.37 0.83 0.74 0.26 0.22 0.29 0.23 
Bath 
on 3.9 3.7 3.6 3.3 0.37 0.44 0.30 0.58 0.24 0.20 0.11 0.48 
175 
off 4.3 0.33 0.17 
M.C •• Mercury contact 'thermometer TH. • Thermistor 
TABLE 6.4 TEMPERATURE PARAMETERS RECORDED IN THE PROTOTYPE'SRU 
UNDER VARIOUS TESTING MODES 
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Pull Down'Time/Hours 
Cold Roomt , SRU 
Level Sand Vermi c , Sand Vermic, 
600 mm 13.5 12.5 
250mm . . 18.0 17.0 4.0 4.0 
Top of Specimens 21.0 19.5 12.0 14.0 
Bottom of Specimens 22.0 . 17.5 12.5 22.0 ' 
Water Bath 14.5 14.5 12.0 22.0 
tPull down time influenced by the defrost 
TABLE 6.5' . PULL DOWN TIMES IN THE COLD ROm~ AND PROTOTYPE SRU 
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CHAPTER 7 
IMPROVING THE METHOD OF SPECIMEN PREPARATION 
AND PRELIMINARY HEAVE TESTS 
7.1 Introduction 
Sub-base materials have a maximum particle size of 75 mm 
(0 100 ~ 75 mm). Using static compaction difficulty has been 
experienced when preparing frost heave specimens ~ith 0100 = 50 mm 
as specified in SR318 (Anon 1977). Attempts to overcome this by 
limiting 0100 to 20 mm proved unsuccessful because the heave 
produced was different and the severe degradation associated with 
static compaction persisted (section 4~7.1). The possibility of 
using vibratory compaction and limiting 0 100 to 37.5 mm was thu~ 
'- ' { 
investigated. This limit will exclude, at most, 15% of material 
but because most type 1 sources supply material of 0190 = 37.5 mm 
in practice there may be no oversized material. This investigation 
and work elsewhere resulted in the formulation of the optimu~ 
. . 
technique for compacting frost heave specimens of granular material. 
. " . ,. . ", 
Using this technique specimens of four materials were 
. 
prepared and tested in the prototype SRU •. These tests were 
performed both with and without the internal fan operating in 
order to assess the effect on heave of the different boundary 
temperatures. The heave results obtained in'this investigation 
." , " 
formed a benchmark against which to compare heaves subsequently 
obtained in the new SRU • 
. It has been su99~sted (TRRL 1977) that testing 152 mm diameter 
. 
(rather than standard 102 mm diameter) specimens may reduce the 
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heave variability. Therefore, a series of tests using 152 mm 
diameter specimens were also undertaken in the prototype SRU. The 
results were compared with those obtained for standard specimens. 
7.2 Improving the Method of Specimen Preparation 
7.2.1' Experimentation 
, Early work (Hurt 1976) indicated that by limiting the maximum 
particle size (0 100) to'37.5 mm and firstly vi~ra~ing, rather than' 
tamping, the material into the mould, the load at the static phase of 
the compaction process cou1 d be reduced to 20 kN. ' For a range of' 
crushed limestone aggregates (Ten percent fines va1ue'-
TFV> 75 kN) degradation was negligible but for a very soft limestone 
(TFV = 40 kN) the degradation was still unacceptably large. For 
this material the first phase of compaction was undertaken by placing 
the mould on a vibrating table and, if necessary, final static; 
compaction was used. These two approaches were further investigated 
in order to determine the most suitable technique applicable for all 
the materials used in this research. 
A series of 11 trials were performed using the'softest aggregate 
OOL2 (TFV = 60 kN) at nominally coarse (C), medium (M) and fine (F1) 
Type 1 gradings (0 100 ", 37.5 mm). The material was initially 
compacted, into the standard mould, in three equal layers using 
either,the standard 750W vibrating'hammer'(SS 1377 1975 test 14) or 
a vibrating -table (SS 1881 1970). This was followed by static 
compaction and the load required to fully insert the end plugs was 
recorded. The specimenswere'then extruded,weighed,and oven dried 
for 24 hours to enable the dry density and moisture content to be 
obtained. ," Fina11y,the particle size distribution was determined by 
a wet sieving analysis (SS 1377,1975, test 7A). 
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7.2.2 Results 
The amount of degradation (mean increase in percentage passing 
20, 10, 5, 0.6, 0.3 and 0.063 mm sieves) depended primarily on the 
static load although the initial grading of the material had some 
influence (Fig. 7.1). 
The static load required, after either vibratory method, could 
be reduced by compacting the specimens at a lower density, however, 
a more satisfactory approach was to apply a greater vertical force 
(above the 400 N recommended by BS 1377 test 14) when using the 
'vibrating h'ammer. This enabled compaction at the maximum dry density 
and optimum moisture content and eliminated the need for the static 
compaction phase and produced a minimum of degradation (Fig. 7.2). 
Work elsewhere confirmed these findings and extended the,results 
to a variety of, type 1 and 2 (0100 < 37.5 mm) aggregates (Burns 1977c). 
Fessey (1976) also found that grading variations within the specimens 
were reduced by using vibratory compaction. From experiments using a 
radioactive core scanner to measure the density variations along ,the, 
axis of specimens, the vibrating hammer technique which produced the 
minimum density variation was obtained (Tubey and Webster1979)., 
7.-Z.3The Optimum Preparation Technique 
The required mass of each size fraction necessary to make a 
single specimen was weighed out and placed.in a small plastic bag. 
The weights of all the samples for the particular test were check~d. 
One sample was then mixed by hand,'first dry, and then with the 
required amount or, water to produce the optimum moisture content. 
The material was then allowed to stand in the open mixing tray for 
ten minutes. 
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One-third of the required mass of material was placed in the 
mould with the lower end plug fully.inserted. The material was 
then compacted to a depth of 56 mm by 25 blows of the standard 
(SR 318) tamper followed by application of the vibrating hammer. 
The process was repeated for the second layer of equal mass to 
give a total depth of 106 mm. For the final layer the material was 
tamped, and after about 20 to 30 seconds vibration, the top plug 
was inserted. The mould was inverted, the other e.nd plug removed, 
and a similar period of vibration given to this end; Vibration was 
then applied in equal intervals to the ends of the specimen until 
its height was reduced to 152 mm. 
After compaction the specimen was pushed from·the mould, using 
a manually operated hydraulic extrude~ and wrapped in wax paper. 
The bottom end was1hen placed on a porous disc in a copper carrier. 
Weighings were made to determine the ,initial mass of material 
before the specimen was cured, by standing it in water for 24 hours 
with the free surface maintained level at the top of the porous disc. 
Stable specimens of the coarse graded materials could only be 
extruded successfully if the walls of the cylinder had been coated 
with a thin layer of Tellus mould oil to reduce wall friction. Even 
with this precaution, however, peripheral stones tended to fallout 
of some of the specimens, particularly Croft 105 C and Spencers 
Farm 103 C. 
7.3 . Preparing 152 mm Diameter Specimens 
The 152 mm diameter specimens were prepared by compacting the 
material into a152 mm California Bearing Ratio test mould using 
the vibrating hammer, fitted with a 150 mm· diameter foot •. When 
compaction was complete the screw fit base was removed and the 
specimen was extruded using a hand operated hydraulic jack fitted 
with a suitably enlarged clamping device. The specimens were 
then supported in the same fashion as standard specimens with 
waxed paper and enlarged copper carriers, porous stones and Tufnol 
top caps. Inverting the mould to fit the unlocking spanners 
without destroying the specimens. was difficult (especially with 
coarse material) •. Although problems were eased b~ carefully 
cleaning and oiling the screw threads between compaction phases 
this aspect of specimen preparation remained a problem. 
7.4 The Procedure for Preparing Internally Monitored Specimens 
In later tests (Chapter 8) temperatures were recorded at. 
25 mm intervals'along the central axis of aggregate specimens 
(Levels 125 to 1125 mm in Fig. 6.1). :To instrument sand/limestone 
filler specimens a thin rod was pushed into the soft material and 
the thermocouples inserted into the empty hole. 
For the aggregates, the instrumentation procedure involved 
placing metal skewers in the specimens during compaction and then 
inserting thermocouples in the gaps left when these skewers were 
removed. A revised preparation procedure had therefore to be 
adopted. 
After assembling the mould over the lower end plu~a sixth of the 
mass of material was placed in the mould, tamped, and then lightly 
vibrated. A silver steel: • pointed skewer 51 mm long and 3 mm 
diameter was placed along a radius on the surface of the partially 
compacted layer. Using the vibrating hamme~ the skewer was then 
1 '~O . 
.-
forced into the surface of the layer. A further sixth of the material 
was then added and the process repeated but vibration was continued 
until the layer was of the appropriate thickness (Section 7.2.3). 
This procedure was repeated (ensuring that the skewers were 
parallel and vertically above each other) until all the material had 
, 
been compacted into the mould~ .The specimen was then extruded and 
wrapped so that the seam in the wax paper lay along the side where 
the skewer heads were exposed. 
After curing for 24 hours the specimen was placed in a semi-
circular support bracket and clamped into position (Fig. 7.3). The 
wax paper was peeled back and with the aid of a compass needle the 
skewers were located. An extraction tool was then screwed into the 
tapped hole in the end of one skewer which was then withdrawn from 
the specimen. A thermocouple was placed:in the hole and the 
surrounding gap filled with damp fines of the same material as the 
specimen. 
, After all the thermocouples had been placed the specimen was 
re-wrapped, carefully removed from the clamping bracket, and then 
treated as per the other specimens •. It was not felt that this 
departure from standard practice would significantly affect the 
heave of the specimens. 
7.5 The Effect on Heave of the Fan in the Prototype SRU 
7.5.1 Experimental Procedure 
~ The specimens were prepared using the technique previously. 
described (102 mm diameter specimens, section 7.2.3) and loaded into 
the unit (for details see section 8.5.2). ~ In some tests temperatures 
were monitored as described in section 6.3. 
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A series of three tests were undertaken with the fan on and 
three with the fan off. Each test contained three WHIN 2 specimens 
at M grading,' three WHIN 2 specimens at F1 grading and three OOL 2·' 
specimens at M grading. These were placed in a 3x3 latin squares array 
(Cox 1958). The materials were placed in a different group of 
positions in each test so that at the end of each series each 
position had been occupied once by each of the materials. This 
was to account for any bias in the results, due to either position 
. 
(Kettle and Williams 1973) or differences in the mean heave between 
tests (Jones and Hurt 1975). 
In addition a single test containing nine WHIN'2 specimens at 
C grading and with the fan on was undertaken. 
Throughout the tesis,the heave and water 1 evel in the '~a riotte 
. vessel was measured daily and the chart recorder checked to ensure 
that the unit was operating correctly. 
7.5.2 Results and Conclusions 
The individual 250 hour heave results are given in Appendix 3a. 
The mean heaves obtained with the fan on were compared with the mean 
heaves for the same material with the fan off using t-tests •. These 
were preceided by an F-test to ensure that the heave variances were 
~ . 
not significantly different!' These tests indicated that in all 
, cases ,there was' no significant difference* between the mean heaves (fi) 
or the standard deviations ·(s) (Table 7.1). 
tA t-testis based on the assumptions that (a) both sets of observations 
are normally distributed and (b) that the populations have the same 
variance. The validity of ' the first assumption is shown in section 9.4.2. 
the F-tests check that the second assumption is valid. 
*Throughout this thesis, unless otherwise stated, a 5% level of 
significance has been used. 
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The limited temperature measurements indicated (as in previous 
tests - Fig. 6.7) that the temperature at the top of the specimens 
was about 2°C lower with the fan on than with the fan off. It would 
be expected. therefore, that the heave rate, and thus the final 
heave, would be greater, (Penner and Ueda 1978). In these tests at least, 
this does not appear to be the case. This result is considered further 
in section 10.5.2. 
The mean heave of WHIN 2 increased with increasing fineness 
, . 
(Table 7.2) which is in keeping with previous results for type 1 
limestones (Croney and Jacobs 1967, Hurt 1976, Burns 1977b). 
7.6 The Effect of Specimen Size on Heave 
The specimens were seated in a wooden specimen cradle designed 
to take four 152 mm diameter specimens, one in each corner. In the 
middle of these one standard specimen was accommodated. 
Three tests containing specimens of WHIN 2 M, WHIN 2 F1 and 
DOL 2 M were undertaken. A 'balanced incomplete block design ' was 
adopted (Cox 1958) with two different materials being used in each 
test, two large specimens were made from one material and two from 
another. (The central standard specimen was made from either one 
of these). After the three tests had been completed each of the 
five positions had been ,occupied once by each of the materials 
(Appendix 3b). An additional test was done which contained four 
WHIN 2C 152 mm diameter specimens and one \OlHIN 2C 102 mm diameter 
specimen. 
The mean heave of the 152 mm diameter specimens of DOL 2M was 
significantly less than the overall mean previously obtained for 
standard specimens., For the other materials there was no si9nificant 
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difference in either the mean heave or the standard deviation 
(Table 7.2). 
Results obtained in the standard cold room test have, similarly, 
not demonstrated a reduction in heave variability as a result of testing 
larger specimens (Berry 1978, Burns and Henderson 1980). In their tests, 
the larger diameter specimens tended to give higher heaves but 
there was considerable scatter in the size of the increase. This 
could. not be related to the grading or other properties of the 
", 
material (Sherwood 1981). Reconciling the heave results, for 
152 mm diameter specimens, with the existing frost susceptibility 
criteria would therefore be difficult. Larger specimens also have 
the added disadvantages that they are difficult to prepare and 
.. handle and only four, rather than nine, results are obtained in a 
single test run. Work with 152 mm specimens was therefore 
terminated and further testing was undertaken using 102 mm diameter 
specimens only. 
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Fan On Fan Off 
No. fi s fi s 
Material Spec. mm mm mm mm 
HHIN 2 M 9 28.4 6.05 26.6 5.52 F1 9 33.9 6.80 31.6 3.33 
OOL 2 M 9 23.7 3.73 20.6 2.79 
s = Best estimate of standard deviation B , 
TABLE 7.1 EFFECT ON HEAVE OF THE FAN 
IN THE PROTOTYPE SRU 
F 
1.20 
4.17 
1.79 
IO~mm 152 mm· 
fj: s No. i h s 
Material mm mm Spec. mm· mm 
i. C 9 (9.0) 11.2 2.35 4 11.6 3.28 
WHIN 2 M 18 (21 .5) 27.4 5.55 4 23.5 3.49 
F1 , 18 . (32,.5) 32.8 5.36 ,4 33.0 1.58 
OOL 2 M 18 (25.5) 22.2 ' 3.57 4 16.7 3.84 
Result significant at the 5% level is underlined. 
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SB t 
mm I 
5.79 . 0.66 
5.35 .. 0.91 
3.29 · 2.00 
F Ss t 
mm 
1.95 .2.64 0.25 
. 2.53 ·,5.29 1.33 
11. 51 ; 4.98 0.07 
; 
1.16 ,3.61 2.75 
Parentheses indicate central 102 mm spec. in tests with four 152 mm specs. ' 
TABLE 7.2 EFFECT OF SPECIMEN SIZE ON HEAVE, 
IN THE PROTOTYPE SRU 
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CHAPTER 8 
THE DEVELOPMENT OF AN IMPROVED SRU AND THE COMPARISON OF 
HEAVES WITH THOSE OBTAINED IN THE COLD ROOM 
8.1 Introduction 
Recognising the potential of SRU's, it was intended (TRRL 1977) 
that an SRU shouldbe specified as the standard apparatus for 
undertaking the frost heave test. Such a unit should be robust 
. 
and simple and, using parts which will be available for the 
forseeable future, should produce a minimum of variation in the 
specimen boundary conditions. With these objectives in mind a 
new chilled tank SRU was developed in conjunction with the TRRL: 
and the manufacturers P.S. Snow and Co. of Leicester. ; The desiqn 
of this MK 3· SRU was based on the prototype SRU (Onalp 1978, 
Dudek 1977) but incorporated modifications included in the MK 1 . 
and MK 2 units. Futher improvements prompted by the work reported 
in Chapter 6 and experience gained elsewhere were also incorporated. 
Before the MK 3 SRU c6uld be adopted as the basis of a new 
specification it was necessary to demonstrate that the heaves 
obtained were comparable with those ootalned in a cold room. 
The wide variety of materials described in Chapter 5 were tested 
in both units and the results compared. 
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In these tests temperatures were monitored to detect 
possible sources of heave variability. It has been observed 
(Kettle 1973) that heave in both an SRU and a freezing cabinet 
could be influenced by the position of the specimens. This type 
of systematic error is clearly an undesirable feature of a 
compliance test. A preliminary analysis was therefore undertaken 
to ensure that the heave of a specimen was not biased by its 
position in the unit. 
8.2 The Design of the New Self Refrigerated Unit 
8.2.1. Temperature Control 
The MK 3 SRU is shown in plan and elevation in Fig. 8.1. 
The temperature of the air and the water are lowered by circulating 
coolant (using a 0.4 kW compressor and pump) through'coils 
embedded in the test chamber walls. 
The air temperature is controlled using a mercury in steel 
capilla~y sensor, linked to an indicator/controller which switches 
on and off the compressor. In the pro'totype unit~ circulation 
of the air using a fan did not reduce either the temperature or 
heave variability (Chapters 6 and 7) therefore, to maintain 
simplicity a fan was not included. 
'" The water temperature is 'controlled using a~ercury contact 
thermometer which operate's through li relay to switch on and off 
the heater mat on thefloor ot" the water bath." Since it had 
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been widely noticed that vertically mounted mercury contact 
thermometers, pre-set at +4°C, tended to operate at lower temperatures 
in SRU's (Jones 1977b),a totally submerged version was used. ~ (This 
also has the advantage that the specimen cradle can be removed . 
from the test chamber without having to remove the thermometer). 
A second indicator/controller with dual control pointers was also 
fitted to act as a fail safe to prevent the water from freezing or 
overheating. 
, , 
The use 'of an adjustable thermistor system was considered, 
however, in a specified laboratory test,a facility which enables 
the water temperature to be altered,which may influence the heave, 
results,is undesirable. As in the MK 1 and 2 units an independent' 
water cooler was not included.. The previous work with the p\ototype. 
SRU (Onalp 1978:, Dudek 1977) had, however, indicated that " 
" 
independent water cooling may be necessary (e~g. if the unit were 
operated in the high ambient summer temperatures of a contine~tal 
climate). A space was therefore left so that such a facility could 
be fitted if necessary. 
8.2.2 Water Supply and Circulation 
The temperature measurements made in the prototype SRU" 
(Chapter 6) indicated that the fluctuations of specimen boundary 
temperatures would be reduced by improving the circulation of the 
water in the bath. The new SRU therefore incorporated a larger 
, pump: output 30-54 l/min compared with 10-26 l/min in the prototype 
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unit. The water is circulated by extracting it from the centre 
of the bath and expelling it through the sparge pipe located round 
the edge of the water bath. The water level is maintained by a 
tubular Mariotte vessel similar to that used on the prototype SRU 
and capable of cS up plying water at a rate of 1 ml/sec. (Box shaped 
Mariotte vessels which would fit flush with the side of the unit 
and give a more aesthetically pleasing design proved unsatisfactory 
because of the difficulty of ensuring air and water tight seams: 
I (Roe 1980). A safety overflow and drain tap are also provided. 
8.2.3 Heave and Temperature Measurement 
As in the earlier units a twin 7 day chart recorder is fitted 
to provide a continuous'trace of both the air.and water temperatures. 
In addition forty copper/constantan thermocouples are fed from the 
test chamber into two selector boxes which were linked to an . 
electronic analogue thermometer.' Spot temperatures can therefore 
be measured during frost heave tests., When correctly calibrated·, 
the accuracy of both systems is ± O.soC. A timer is also included 
to record the air temperature pull down time. 
Heave is measured in the usual way using push rods, resting 
on the specimens, which protrude through both the lid of the test 
chamber and the datum frame. 
8.3 Commissioning the Mk 3 SRU 
8.3.1 Tuning the Unit 
Before undertaking the main series of comparative trials it 
was necessary to tuneJhe unit to produce specimen . boundary 
temperatures which were comparable to tho~e obtained in the cold 
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room and which had a minimum of variability. 
The thermocouples supplied with the unit were located in the 
water bath at the top and bottom of the 152 mm tall dummy concrete 
specimens and at level 250 mm on probes placed in positions 1,4 
and 6 (Fig. 6.1). Additional thermocouples were placed on the air 
and water temperature sensors and at other points where the 
temperature was of interest, for example on the chart recorder and 
indicator/controller sensing bulbs. The'space between the specimens 
was filled with coarse sand packing. 
For tuning purposes,the temperatures were measured using the 
inbuilt Comark system rather than the logger since this is the 
method which would be employed in a commercial testing laboratory. 
A series of six trials lasting between 2 and 7 days were~ndertaken 
during which temperatures were measured between four and eight 
times per day. As a result of these a number of modifications 
were made to the basic unit. These included:fitting an anti-vibration 
mounting to the water pump to eradicate the vibration of theComark 
, thermometer needle and. more importantly, drilling extra holes in 
the sparge pipe to'improv~ the horizontal flow over the heater mat; 
this reduced the variation in temperature below the specimens • 
. Aftersome further trials in which alternative controller 
settings and air temperature sensor positions were tried, the water 
bath temperature variation was again found to be excessive. This 
was due to poor wate.r circulation resulting from the nylon pump 
impeller being damaged by pieces of the coarse sand packing which. 
had entered the system through holes in the centre of the water bath. 
The impeller was therefore replaced by a similar brass unit.- Also. 
a small cowelled brass tube upstanding about 20 mm from the floor, 
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of the water bath was fitted. These alterations prevented any 
further problems associated with poor water circulation. 
The minimum air temperature fluctuations were obtained with· 
the indicator/controller sensing bulb located in clips on the 
upper edge of the wooden specimen cradle (approximately level 
250 mm). The chart recorder sensing bulb was located along side 
and the pen arms adjusted to record the same te~peratures as the 
thermocouples. The air temperature indicator controller was then 
set to produce overall mean temperatures comparable to those 
achieved in the cold room freezing cabinet. 
The level temperature fluctuation F, the level temperature 
variation V and the overall mean temperature T (see section 6.3.4) 
calculated from the 44 hour trial which was undertaken after all 
the above modifications and adjustments had been made are given 
in Table 8.1 along with those for the prototype SRU and the 
freezing cabinet • 
. The F and V values recorded at the specimen boundaries were 
less than those obtained in the prototype SRU indicating improved 
temperature control. Although the values were a little larger 
than those obtained in the freezing cabinet (using the logging. 
system) this may be expected because of the lower accuracy of 
the electronic thermometer. The T values at the specimen boundaries 
were similar to those obtained in the prototype unit and in the 
freezing cabinet. 
On the basis of.these results it seemed reasonable to proceed 
with the preliminary heaving tests since the measurements made 
during the main series of trials would enable the temperature 
conditions in the Mk 3 SRU and cold room to be rigorously compared. 
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8.3.2 Preliminary Heaving Tests 
Specimens of SF T/80 and SF T/85 were prepared at their 
optimum moisture content and maximum dry density using the technique 
described in section 7.2.3. The Mk3 SRU and freezing cabinet were 
loaded with four specimens made from one material and five from 
the other. The testing procedure was the same as that used in the 
main series of comparative trials (section 8.5). 
During the test the heave of some specimens reached a maximum 
early in the test and then appeared to decrease. Investigations 
at the end of the test, however, revealed that the unfrozen portion 
of some of the specimens had slumped. The maximum heave attained 
during the 250 hour period was therefore used for the purposes of 
analysis (Appendix 4a) The result for one SRU specimen which showed 
excessive slumping was however neglected. Statistical analysis 
(Table 8.2) revealed· that, for both materials, there was no 
significant difference between the standard deviation (F-test) or 
the mean heave (t-test) in the two units. The main series of 
tomparativetrials was the~efore begun maintaining thes~ same 
controller settings, and sensor positions throughout •. 
8.4 The Main Series of Comparative Trials 
8.4.1 The Materials Tested 
In all 18 heaving tests were undertaken in each of the 
facilities using the materials described in Chapter 5. Sets of nine 
specimens were tested: at the C grading for Dene 119, at the M 
grading for the other six type 1 aggregates, at the three F" 
gradings for Woodhall Spa (type 2) and for sand/limestone filler at 
SF 4/80 (See Fig. 5.6). 
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All the type 1 aggrerates were also tested in sets consistin~ 
of three specimens at each of the C, M and F1 gradings and for Croft 105 
a similar test using the b r,radin0s (section 5.4.1.2) was undertaken. To 
minimise systematic errors a 3x3 latinsquares arrangement was again 
adopted (Cox 1958) and the specimens were positioned randomly with 
respect to their order of manufacture. 
The specimens were all ~ixed at their optimum moisture content 
and maximum dry density except for- the Croft b gradings for which 
, . ; 
same density and moisture content at the corresponding normal Croft 
gradings was used. The preparation procedures described in sections 
7.2.3 & 7.4 were used throughout •. 
8.4.2 'Temperature Monitoring 
In the early cold room trials thermocouples were placed in the 
same positions that were used earlier (section 6.3.1), however,; in 
. later tests and in all.the Mk 3 SRU tests the position of the air 
temperature monitoring thermocouples were changed. 
Four air probes were located at plan positions 1,7,6 and 4 
(Fig. 6.1), to enable the temperature variabHity across the unit 
to be more fully defined. The arrangement a~so permitted the 
temperatures to be compared with those obtained by the TRRL who 
located the probes at plan positions 5, 6,.7 and 8. 
Thermocouples were placed at levels 100, 150, 200, 250 and 
300 mm thus permitting the temperature gradients in the vicinity of 
the specimens to be more closely investigated." 
Thermocouples were again placed at'the top, at the bottom and 
in the water bath below each specimen •. In. addition, in.some of 
the later tests,'three specimens were internally monitored with 
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five thermocouples located at 25 mm intervals along the central 
axis (1 25 to 1 125 on Fiq. 6.1). 
The logging system shown diagrammatically in.figure 6.2 was 
again used to routinely measure the output from the fifty 
thermocouples connected to each unit. 
Forty copper constantan connecting leads were linked from the 
data logger to the· back of the two selector boxes fitted to the Mk3 
SRU. . Ten extra calibrated thermocouples were fed from the test 
chamber to an auxilliary box which was similarly linked to the logger 
(and to the electronic thermometer). This arrangement permitted 
automatic logging whilst retaining the ability to monitor temperatures 
manually using the inbuilt system. An extra ten thermocouples were 
wired to the cold roo~ •. 
During the tests the thermocouples were usually scanned at 
2,4,30 or120 minute intervals thou9h occasionally other intervals 
. were used. The temperatures were analysed as before on an lCL 1900 
series computer though alterations to the software were necessary 
to accommodate the revised thermocouple configuration. 
8.5 The Test Procedure 
8.5.1· Loading the Freezing Cabinet 
All coarse sand left on the cradle was removed and the water 
in the bath emptied using an industrial vacuum cleaner. 
To position the thermocouples the specimen was firstly 
inverted using a cylindrical metal plinth. One thermocouple was 
then inserted between the specimen and the porous disc and another 
one taped below the porous disc; both with their tips on the 
central axis of.the specimen •. The specimen was then righted, the 
2C6 
third thermocouple taped to the middle of the underside of the 
tufnol disc, and the assembly placed in the trolley. 
When all the specimens were loaded,the reservoir was filled 
with tap water until the electronic detector jndicated that the 
level was at the top ,of the porous discs. The thermocouples 
were then checked using the digital volt meter in the lo~ger and 
any broke~ ones replaced. The air probes were held in position 
and the coarse sand packing (at ,room temperature) placed between 
the specimens. The stirrer was then tested and the datum bar and 
push rods inserted. The initial push rod heights were measured 
and the first scan of the thermocouples made. 
The trolley was then wheeled into the back right hand corner 
of the cold room before the relay and fail safe devices and the 
water level were checked. 
8.5.2 .Loading the Mk 3 SRU 
Prior ,to loading, any coarse sand on the specimen cradle was, 
removed and the water pump briefly switched on to ensure that 
circulation was not restricted. The normal procedure was then to 
isolate the Mariotte vessel and drain a small amount of water from 
the bath though occasionally the water bath was completely 
emptied and refilled with de-aired water. (Tap water was 
unsuitable because cavitation of air in the pipe connecting the 
Mariotte vessel and the water bath. restricted flow) •. 
All the specimens were monitored as in the cold room though: 
in the Mk 3 SRU the thermocouples at the bottom of the specimens· 
and in the water bath were permanently fixed to each face of the 
porous discs using fine nylon thread. Each thermocouple was checked 
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before the sand packing and air probes were positioned. 
The air temperature sensing bulb was positioned in the clips 
on the wooden specimen cradle before closing the'lid. The datum 
frame and push rods were positioned. (The lid was opened sli~htly' 
and the internal light switched on to enable the rod ends to be 
located in the Tufnol disc recesses). The holes round the push 
rods were then loosely filled with cotton wool and the initial 
heights above the datum frame measured. 
I 
The Mariotte vessel was, if necessary, filled with distilled 
water before re-opening the supply tap. The water pump was 
switched on and when air had ceased bubbling through the capillary 
tube the height of water in the vessel was recorded. The chart 
recorder was loaded, the initial timer reading taken and the first 
thermocouple scan made. The chart recorder, heater, timer and 
refrigeration were then switched on. 
8.5.3 Measurements 
Each day the heights of the push rods were measured to the 
nearest 0.5 mm using a steel ruler. If necessary, the paper tape 
in the logger was renewed. For the cold room tests, the volume of 
water' (at approximately 4°C) necessary to re-establish the level 
in the freezing cabinet was recorded and the trace of cold room' 
air temperature shown orr the circular chart recorder was checked 
to ensure that no malfunctions had occurred. -In SRU tests the level 
of water in the Mariotte vessel was recorded and the traces of air 
and water temperature on the chart recorder checked. 
'After the final readings had been made,either the freezin~ cabinet 
was taken out of the cold room, or the SRU was switched off and the 
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pull down time recorded. The datum framesand push rods were removed, 
the air probes were placed to one side and the sand packing was 
extracted using an industrial vacuum cleaner. Each specimen was then 
taken from the apparatus, stripped of the supports and the thermocouples 
~t the top and bottom of the specimen and below the porous disc were 
removed. The heaved specimens were inspected and brief notes made of 
any unusual features; in some cases photographs were taken. The 
thickness of the frozen portion and of the ice lenses was also 
measured. , 
In the case of internally monitored specimens, the final position 
of the thermocouples was measured and after they had thawed the 
thermocouples were removed. 
All the specimens were wei~hed, oven dried and re-weighed, so 
that knowing the initial wet mass, the moulded density, initial 
moisture content and the amount of water taken up during the test 
. could be determined. A wet sieving analysis (BS 1377,l975,test 7A) 
of one specimen of each nominal grading in the unit was undertaken. 
, Sufficient time (at least 18 hours) was allowed for the unit 
to reach' room tem'perature before the next test was started. 
8.6 The Heave Results 
During the tests the heave of most specimens increased with 
time reaching a maximum after 250 hours (Fig. 8.2); the shape of 
the heave/time ~urves being similar in both units. Croft 105 Cb 
specimens tested in the cold room, however, actually decreased in 
height before heaving and some of the SF4/80 specimens (as in the 
preliminary tests) showed a decrease in height ,towards the end of 
the test as a result of slumping. In general, though, the relative 
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heave of the materials was the same after any given freezing period. 
The individual results after 96 and 250 hours freezing are Qiven in 
Appendices 4b and 4c and,for the purpose of comparison. the overall, 
mean heaves in each unit after 250 hours freezing ~re shown as a bar 
chart,in Fig. 8.3. 
8.7 Analysis of the 250. Hour Heave Results 
8.7.1 Testing for Outliers 
Before undertaking the significance tests to compare the two 
units the data were tested for outliers. These are results which 
deviate so much from the others, in the same test and on the same 
material, that they are considered irreconcilable. They may arise 
due to errors when preparing the specimens or undetected variations 
in the test conditions. 
The recommended procedure for detecting outliers (BS 5197 1979) 
is to apply Dixons test (Dixon 1953) and if the test statistic 
exceeds the 1% critical value the result tested is classified as 
an outlier. 
Grubbs (1969), however, proposed an alternative'test for 
detecting outljers; the T-statistic. This statistic tests the 
hypothesis that all the results in a given sample come from the 
same normally distributed population. Compared with Dixon's test 
. Grubbs comments that lithe I-statistic is the best -one for use in 
the sinole outlier case* and final judgement should be bas~d 
on it". In view of this comment and noting that there is strong 
evidence (section 9.4.2) that the heave results are normally 
distributed the T-statistics was also applied to the sets of heave 
*One out1ier per set of data. 
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data. Again a result significant at the 1% level was defined as 
outlier. Exactly the same four results were revealed as outliers 
by both Grubbs' and Dixon's test. One in each of the cold room and 
SRU tes~containing nine Spencers Farm specimens and one in each 
test with nine DOL 2 specimens. (The 96 hour result for two of 
these specimens were also classified as outliers. All are marked 
with a double asterisk in Appendix 4b). Following the recommendations 
of BS 5497 (1979) the outlying results were excluded from the analyses 
reported in this Chapter. The reasons for these anomalies are 
discussed in sections 10.7.2 and 10.8. 
8.7.2 The Effect of Specimen Position on Heave 
From the 11 tests containing nine similar specimens it was 
Pos'sible to' undertake an analysis of variance in order to determine 
whether there was any significant differences in the heave of 
specimens as a result of their differing position in the unit. 
From the statistical view point the nine plan positions can be 
looked upon as the blocks and the 11 different materials as the 
treatments. 
The analysis was, however, complicated because the outlying 
results have been discarded. The usual technique which is 
adopted to deal with this situation is to replace the missing data 
with estimated values .(Cochran and Cox 1950). If a single value 
is missing it is replaced by another (h) estimated from the 
formula:-
orB + tT- G h =-----(r-1)( t-1} 
(8.1) 
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where r = number of blocks = 9 
t = number of treatments = 11 
B = total of all results in the block which has the missing value 
T = total of all results in the treatment with the missing value 
G = grand total of all values 
If two results are missing, as is the case with these results, the 
formula is used. repeatedly in an iterative process until the changes in 
the estimated values are insignificant. The total number of degrees 
, 
of freedom in the analysis of variance is also reduced by one for each 
piece of missing data. 
'. , 
For the heave results in Appendix 4b it was only necessary to apply 
equation 8.1 twice in order to estimate values to the nearest 0.5 mm. 
A sample calculation and a table of the values estimated to replace the 
out1iers are given in Appendix 4d. 
To preclude numerical errors,the analyses of variance were 
undertaken with the aid of a small Fortran computer program run on a 
DEC LSI 11 series micro-computer. These revealed that for both units 
there was no significant difference in the heaves obtained in the nine 
plan positions (Table 8.3). There is, therefore, strong evidence that 
the heave of a. frost heave specimen is independent of its position in 
either unit. 
The mean heave obtained for three similar specimens in the MK 3 
SRU can therefore be compared with"results for the same material tested 
in the cold room without regard to the position of the specimens. 
From a wider viewpoint, it is currently recommended (SR 318, 
Anon 1977) that frost susceptibility should be based on the mean heave 
of three specimens. Although this specification is applicable to cold 
rooms the practice could be extended to a MK 3 SRU test without fear 
.. 
of biasing the results. 
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8.7.3 Comparison of the Heaves Obtained in the Cold Room and Mk3 SRU 
For each test the mean heave (h) and standard deviation (s) 
of the 250 hour heaves were calculated. In tests in either unit 
where outliers were rejected these values were calculated from the 
remaining 8 results. For each unit a total of 32 hand s values 
were therefore obtained, 11 from the tests containing 9 similar 
specimens and 21 from the 7 tes~containing specimens at three 
different gradings. 
I 
. . 
The mean heave in the Mk 3 SRU test (nSRU) is compared with the 
value obtained in the corresponding cold roomvalue (neR) in Fig. 8.4. 
In the range 0 ~ nCR ~ 18 mm the values obtained in the two units 
are clearly very similar. 
Statistical analysis (F-tests) revealed no significant 
difference between the variances obtained in the cold .room and 
Mk 3 SRU for tests containing 9 similar specimens (Appendix 4e). 
Two significant differences were, however, obtained in the tests 
with mixed loads though both of these were for Croft 105 tests and 
arose because the heave of all three specimens in the SRU were 
identical. The heaves of these materials were so low that they 
were not of engineering significance. 
Of the 26 sets of resul ts in th.erange 0 ~ n CR ~ 18 mm, t-tests 
revealed only four instances wher~ the mean heave in the cold room 
and Mk 3 SRU were significantly different (see Fig. 8.4). For two 
of'these Croft 105 C and Spencers Farm 103 M the mean heaves were 
. 
very low (n CR < 6 mm) and the absolute difference between the two 
values was less than 2 mm. One of the two remaining significant 
results was for ~oarse grad~d spe~imens which w~re the le~st stable 
(section 7 •. 2 .• 3:) and in any case, having adopted a significance level 
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of 5%, one would expect about 1 or 2 of the 26 comparisons to 
produce significantly different results. 
Since these comparisons covered a wide range of ~radings and 
material types they support the conclusion that the Mk 3 SRU and 
cold room give the same heave result, at least for heaves less 
than 18 mm. The reasons for the differences in heave between the 
cold room and Mk 3 SRU for high heaving materials are discussed 
further in section 10.5.1. 
The criterion of 13 mm, which is currently used to 
distinguish between frost susceptible and non-frost susceptible 
material after 250 hours freezing in a cold room, is therefore 
also applicable to Mk 3 tests of the same duration. 
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Temperature Level MK3 Prototype t F . 7i reezlng 
Parameter SRU SRU Cabinet 
250mm -16.1 -18.0 -16.1 
T Top of Specimens -6.3 -7.3 -6.1 Bottom of Specimens 2.9 2.4 3.1 
Water Bath 3.6 3.8 4.2 
250mm 0.51 1.20. 0.80 
V Top of Specimens 0.85 0.85 ' 0.79 Bottom of Specimens 0.37 0.59 . 0.29 
Water Bath 0.12 0.47 ; 0.17 
250mm 0.78 0.60 .0.34 
F Top of Specimens . 0.24 0.23 0.15 
Bottom of Specimens 0.24 0.26 0.05 
Water Bath 0.10 0.26 0.08 
. '1 * 
t Fan off~ Sand packing~ Mercury contact thermometer. Sand packing, Stirrer on, Back right hand location. ; . '/' 
TABLE 8.1 TEMPERATURE PARAMETERS' RECORDED IN THE' COLD' ROm~, 
PROTOTYPE SRU AND Mk 3'SRU 
_ ... ' 
Cold room MK3 SRU 
~1ateria 1 No. h s· No. h .... .S F SB t 
Spec. (mm) (mm) Spec. (mm) (mm) (mm) 
SFT/80 5 16.7 2.71 ) 3 17.8 '. 3.62 1.78 3.04 0.48 
SFT/85 . 4 9.5 0.58 5 10.9 1.74 9.00 1.37 . 1.52 
TABLE' 8.2:' CO~1PARISON' OF' THE' HEAVE ' RESULTS' IN' PRELIMINARY' COLD:R60~ 
, 
" AND PROTOTYPE SRU TESTS' 
Unit 'Source of Sum of DOF Mean F 
Variance Squares Square 
Position 37.28 8 4.66 1.03. 
Cold Aggregates 4825.46 10 482.54 . 
room Residual 353.27 78 4.53 
Total 5216.00 96 
. 
Position' 
" . 
35.87 8 4.48 1.00 
MK3 Aggregates 7471.00 ,10 747.10 
SRU Residual 349.14 78 ' '. 4.48 
Total 7856.01 96 
TABLE 8.3 TWO';'~IAY'ANALYSIS'OFVARIANCE TO' INVESTIGATE THE 
. 'EFFECT OF SPECIMEN POSITION ON HEAVE 
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CHAPTER 9 
CRITERIA FOR INTERPRETING HEAVE RESULTS IN A SHORTENED TEST 
9.1 Introduttion 
In this chapter criteria are derived for judging frost 
susceptibility from a shortened freezing test. It is proposed that 
an SRU test with a 96 hour freezlng period will be specified as the 
new" method of undertaking the test (Sherwood 1981) and a draft 
specification MM 64 has been produced (TRRL 1981). However, as an 
interim measure it is intended that any unit may be used provided it gives 
comparable results with th~ SRU of specified desig~(Sherwood 1981). 
Since the Nottingham University cold room yields values which are 
not sionificantly different, in the range of most interest, from 
those obtained in the Mk"3 SPU the results from both units were used to 
derive the criteria. 
For many years material was classified as non-frost susceptible 
if the maximum h~ave during the 250 hour~freeZing test was less than 
13 mm (D.Tp. 1976). It has already been noted (chapter 4) that this 
criterion may be rather severe for roads built to modern design 
spec;fic~tions (TRRL 1977), but.since the work 6f Croney ~nd 
" j - -, 
. ',.
Jacobs (1967) no further comparison of the field and test performance 
. ~ . 
of materials has been documented. Any proposed 96 hour frost 
" . 
susceptibility criteria must therefore be equivalent to the 250 hour 
criteria of 13 mm. The first part of this chapter is concerned with 
determining such a criterion. 
It is currently recommended (SR 318, Anon 1977) that frost 
susceptibility should be based on the mean heave of three specimens, 
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(a practice largely maintai~ed in MM 64)., In the practical 
interpretation of the results, however, the variability of heave must 
also be taken into account. This variability may be within that 
expected from the test or it may be larger due to differences in 
the specimens or in the boundary conditions to which they are 
subjected. It is common, therefore, in the specification of most 
laboratory tests to quote an upper limit to the acceptable 
variability of results. 
For properly standardised laboratory tests a quantitative· 
measure of variability capable of distinguishing between the innate 
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test variability and that arising from other sources is that of repeatability 
(BS 5532 1978). In the latter part of this chapter the repeatabilities 
of both 96 and 250 hour Mk 3 SRU and col d room frost heave tests are 
discussed. 
Finally, frost susceptibility criteria applicable to 96 hour 
freezing tests using three specimens are proposed.' A repeatabi1ity 
measure is' used to define the maximum allowable hea've variabilityand 
a heave limit, equiv'alent to the 250 hour limit of 13 mm, is used to 
distinguish frost susceptible and non-frost susceptible material. 
,The c1assificationsof test ~esults using these crit~ria are compared 
with those using the existing 250 hour criterion. The proposed 
criteria are also compared with those sU9~ested,elsewhere for 
interpreting 96 hour freezing test results {TRRL 1981, Sherwood 1981, 
Sh~rwood and Roe 19800~ \' 
9.2' Preliminary' Considerations 
The criteria developed here are intended for use with sub-base 
aggregates and therefore results from the fine, £lap graded, SF4/80 specimens 
were not included •. A total of 153 results (7 x 9 from tests 
containing mixed loads and 10 x 9 from tests with nine similar 
specimens) are therefore available for each unit. 
In a routine laboratory testing situation statistical tests 
for outliers are not ordinarily applied. and therefore at all 
stages the effect of outliers on the analyses was considered. 
It has been demonstrated (Section 8.7.2) that for both units 
there is no systematic error in the results obtained after 
250 hours due to the position of the specimens within the unit. 
A similar analysis using the 96 hour results led to the same 
conclusion.(Appendix Sa}. The analyses could therefore proceed 
without regard to specimen position. 
9.3 The Relationship Between the 96 and 250 Hour Heave 
The 153 individual results from each unit were plotted on a 
. graph of heave at 96 hours (h96 ) against heave at 250 hours (h250 ) 
- Fig. 9.1. The grid pattern distribution of the data points .is· 
a consequence of the 0.5 mm accuracy to which heave is measured 
and each point may represent more than one. result from the same 
unit. (The following calculations take account of the frequency 
of occurrence). 
The trend of the results clearly suggests that for both units 
a straight line is suitable for describing the relationship between 
h96 and h250 • Linear regression was therefore employed. initially 
neglecting outliers.The regression lines h96 on h250 were similar 
for the two units (Fig. 9.1) the equations being:-
Cold room: h96 = 0.60. h250 + 0.0 
Mk 3 SRU: h96 = 0.55. h250 + 0.7 
mm 
mm 
9.1 
9.2 
2(.'0 
The regression lines h250 on h96 were also calculated 
(Appendix 5b)~ For both units these were similar to equations 
9.1 and 9.2 confirming the strong linear relationship between 
h96 and h250 • ' The correlation coefficients were 0.96 for the 
cold room and 0.97 for the SRU. 
When the calculations were repeated with the outlying results 
included, it was found that the equations'of the regression lines ,were 
barely altered (Appendix 5b). This is because the shape of the' 
heave time curves of these specimens were similar to those of the 
other specimens of the same material. 
Substituting the 250 mm heave criterion,'h250 = 13 mm, into 
equations 9.1 and 9.2 yields for the cold room, h96 = 7.8 mm 
and for the SRU,'h96 = 7.85 mm. In view of the measurement 
accuracy 8 mm appears to be a suitable criterion for judging frost 
susceptibil i ty after 96 hours freezing.' (The error invol ved in 
this rounding is in'fact less than that incurred when the original 
i inch criterion (Croney and Jacobs 1967) was metricated to 13 mm).' 
Having proposed a 96 hour frost susceptibility criterion it 
is inevitable that.,the classification of some individual 'specimens 
"will change~ However, comparison of the 96 and 250 hour 
classification of the 306 specimens (Table 9.1) reveals that only 
14 specimens, less than 5%, changed classification (9 were greater 
than 13 mm but less than 8 mm and 5 less than 13 mm but greater 
than 8 mm). This is an acceptably small proportion. In practice 
the classification will be based on the mean of at least three 
specimens and on this basis an even closer agreement is obtained 
(see Section 9.5.2). 
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9.4 The Repeatability of the Test 
9.4.1 Definition of Repeatability 
Repeatability is defined (BS 5532 1978) as:-
liThe value below which the absolute difference between two 
single test results obtained with the same method on identical 
test material under the same conditions (same operator, same 
apparatus, same laboratory and a short interval of time) may be 
expected to lie with a specified probability; in ,the absence of 
other indications, the probability is 95%11 • 
. ', Thi~ definition, as stated, applies to two single test 
results which are taken from a unimodally distributed population. 
When frost susceptibility testing, however, the recommended 
procedure(Anon 1977) is to test three specimens,but in practice, if the 
range of results is large (particularly if·they straddle the 13 mm 
heave criterion).nine specimens are often tested. 
Clearly, a larger sample increases the likelihood of obtaining 
a greater ,measured range, hence repeatability in the context of frost 
heave results must take. into account sample size. 
For certain distributions of known mean and standard 
,deviation" the probability that the range of values.in a small 
sample will exceed a specified value has been tabulated.in 
statistical tables. The distribution of the individual heave 
results'was therefore:investigated. 
9.4.2 The Distribution of'the'Individual:Heave'Results 
,The obvious approach was firstly to standardise the individual 
results •. This was possible for tests where a reasonable estimate 
of standard deviation was available i.e. those containing nine specimens, 
(22 
the standardised heave (Hi) being given by:-
where < 
h. - fi 1 H. = ---1 s 
hi = single result from a test containing nine similar 
specimens 
h = mean heave in that test 
s = the corresponding standard deviation 
This technique enables the 88 heave results obtained for 
different materials but the same unit and freezing period to be 
pooled. (In keeping with recommended practice (BS 5497 1979) 
outlying results were rejected in these calculations and for tests 
in which they occurred the mean heave and standard deviation were 
calculated from the remaining eight results •. This procedure was 
maintained in all calculations in section 9.4). 
For each unit and freezing period the observed number of Hi 
values falling in each of nine probability intervals was compared 
with the number that would be expected if the Hi values were. 
normally distributed (Appendix 5d). In each case a Chi-squared 
. (X2) test produced a non-significant result at the 5% level 
(Table 9.2) and the hypothesis that the standardised heaves were 
normally distributed was therefore accepted • 
• > A similar comparison was made using the combined cold room 
and SRU standardised heaves (Appendi~ 5d). At both 96 and 250 
hours there was a good fit between the observed and expected 
distribution (Appendix Se) and x2 tests again produced non-significant 
results at the 5% level (Table 9.2).' 
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A plot of cumulative relative frequency enablesthe individual, 
rather than the ,grouped, results to be seen (Figs 9.2 and 9.3). 
The observed trend closely foll ows the cumul ative normal di stribution 
as listed in most statistical text books (e.g. Biometrika 1970). 
, . 
There is therefore strong evidence that the standardised heaves' 
and therefore the individual heaves themselves are normally 
distributed; which would be anticipated from purely physical 
considerations. This being so, the distrib~ti<?n of the ranges will 
foll ow that predicted by Tabl e 23 of Biometrika Tabl es for Statisbc.iMs 
(3rd Edition 1970). 
9.4.3 The Distribution of the Range'in'Heaves 
For a sample of given size n, where 2'~ n ~. 10, Biometrika 
Table 23 tabulates the W value which will not be exceeded with the 
desired probability p. 
Where W(n,p) is the standardisedrang~given by:-
h V . 
W(n,p) = (h - h}/cr 9.3 
.. 
where A = maximum heave/mm h 
.~ = minimum heave/mm 
. ' 
= population standard deviation/mm cr 
Therefore the probability of obtaining a particular range can" be 
~etermined provided that the standard deviation of the population 
(cr) is known. In practice the" standard deviation(s) of a sample 
. , 
is used as'an estimate of cr. 
The investigation of the range distribution was confined to 
. . ' 
the usual case where n = 3. The results from the two units' (from 
tests of nine similar specimens) were combined for those 
materials where there was no significant difference 
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in either the mean heave or standard deviation (see Appendix 4e). From 
these 18 results a good measure of s can be obtained and by calculating 
the range of all the 816 possible combinations of three, the maximum 
amount of data is produced. This analysis was performed by a small 
Fortran program run on the ICL 1900 series computer which also calculated 
the observed proportion of results in each 0.5 mm range category. 
Typical cumulative relative frequency distributions for one 
low and one high heave material, Croft 105M and WoodhallSpa 114 F2, 
. , 
are shown in Figs 9.4 and 9.5. 
Although the range measurements are not independent (each of the 
18 heave results is used many times) there is good agreement between 
the observed trend and that derived from Biometrika Table 23 and the 
estimate of a. (It should be remembered that each range result is 
only accurate to ± 0.5 mm). 
This analysis confirms a result which must follow from the fact 
that the individual heave results are normally distributed (section ." 
9.4.2). 
In a.routine commercial testing situation, where only three 
, . 
specimens are tested, the estimate of the population standard 
deviation,though unbiased,is poor. Thisdifficulty may, however, 
be overcome by establishing the relationship between the mean heave 
and standard deviation of a larger sample. (This approach is similar 
to the general method adopted in BS 5497(1979) to link repeatability 
,and mean). 
~.4.4Establishing'theRelatibnshipbetweenStandard'Deviation 
'and Mean Heave 
The standard deviation (s) obtained from tests containing nine 
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similar specimens was plotted against the corresponding mean heave (h) 
(Figs 9.6 and 9.7). Although the results were quite scattered the 
relationship between sand n appeared to be adequately represented by 
a straight line. Therefore for each unit and test duration the 
regression lines for s on hand h on s were calculated (Appendix 5e). 
At 250 hours the slope of the fi on sand s on n regression lines 
are similar indicating that the assumed linear relationship is 
appropriate, this is true for both units. Since the s on h 
regression lines for the two units (Fig. 9.6) are nearly the same a 
common functional relationship may be used. Combining the results 
from the two units and regressing son" h yields:-
s = 0.091 fi + 0.55 mm ; 9.4 
At 96 hours the divergence of the nOon sand s on h regression 
lines is greater than at 250 hours indicating that the straight line 
fit to the data is weaker. This is because, although the scatter in 
the s values is similar the means span a smaller range. The s on h 
1 ines for both units, are compared in Fig. 9.7 with" equation 9.4. 
Although the line given by the equation lies a little above the 
other two, in the context of the scatter of the data : it gi ves an 
adequate fit. Equation 9.4 was therefore used to predict s from h 
at both 96 and 250 hours. 
It is worth noting that the equation predicts a standard 
deviation even when the heave is zero. This ,is quite feasible as 
specimens are frequently observed to shrink during the freezing 
period (e.g. Croft 105 Mb and Kettle and Williams 1973, Roe 1982) •. 
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9.4.5 Comparison of the Predicted and Observed Dist~ibution of 
Range Results 
From the foregoing it follows that, using Biometrika Table 23, 
one can derive, for a given sample size (n), the relationship between 
the mean heave and the range that will not be exceeded with a 9iven 
probability (p). Using s which is defined by equation 9.4 as the 
estimate Of 0 (eqn. 9.3), a linear relationship is obtained of the 
form:-
" v (h - h) = a h + S 9.5 
This is valid for both units and freezing periods. The values of 
a(p,n) and s(p,n) are tabulated for n= 3 in Appendix 5f. A typical 
result:for p = 0.95 and n ~ 3 is:-
(~ - h) = 0.302. h + 1.82 mm 9.6 
This relationship and those for 0.1 probability increments from 
p = 0.1 to 0.9 are shown as contours on Fi9S 9.8 and 9.9~ 
If the method of construction is correct one would expect that 
approximately 10% of results will lie between each pair of successive 
contours. (In Figs 9.8 and 9.9 the percentage of results expected to 
fall below each contotir is given).' The available data were therefore 
analysed to test this prediction.-
From the 10 x cold room and 10 x SRU tests containing nine 
similar specimens three sets of three results were selected randomly 
using tables of random permutations of nine digits (Cochran and Cox. 
1950). Thesedata have, of course, already been used in constructin9 
, 
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the probability contours. However, the technique of re-using data 
is recommended in SS 5497 (1979) and does not invalidate the analysis. 
Other, hitherto unused, data are also available from the 7x cold room 
and 7 x SRU tests containing material at three different gradings. 
These results were also included yielding a total of 98 sets of three 
, (102-4 which contained outliers) for which the mean and range were 
calculated. 
The analysis was performed for both 250 and 96 hours (using 
different random groupings) and the 'results plotted on Fi~s '9.S 
and 9.9., 
The observed number of results in each probability interval is 
compared with the expected number of'9.8 in the histograms shown as 
insets to Figs 9.8 and 9.9. The sati sfactory agreement confi rms 
the validity of the analysis used to derive the probability contours. 
The results are especially good considering that an error of 0.5 mm 
in the range,(accuracy ± 0.5 mm), could shift a result by up tO,three 
probability intervals. 
Itis interesting to note that had either the cold room or ,SRU 
lines in Fig. '9.7 been adopted (rather than ,equation 9.4) in order 
.to relate s tofi the effect would have been ,to shift the contours on 
Fig. 9.9 down slightly. This would reduce the observed number of 
results in the lower probability intervals and increase the number 
in the higher ones thus' improving the fit with the expected number. 
Even so, as the analysis stands, the agreement is s.atisfactory.~. 
~6' The'Repeatability'as a Function'of Mean Heave'andSample Size 
',The 0:95 probability contour on Figs 9.8 and 9.9 can be 
described as:- . 
liThe value below which the absolute difference between two single 
test results in a sample of three, obtained with the same method on 
identical test material under the same conditions may be expected to 
lie with aprobabil ity of 0.95". 
Except fo'r the fact that the sample size is stipulated this' 
description is the same as the customary definition of repeatability 
(section 9.4.1), and is henceforth termed the 'range repeatability~ 
Although contours on figs 9.3 and 9.~ were constructed 
specifically for n = 3 the calculations' can clearly be reworked 
for all the sample sizes,listed in Table 23, namely n = 2(1) 10. 
When frost susceptibility testing samples of nine are of 
particula~ interest. The a~propriate a and a values (eqn 9.5) for 
n = 9'are given in Appendix Sf, the equation fora probability of 0.95 
being:-
./ :~ A v (h - h) = 0.399 n '+2.41 mm 9.7 
'This line and that corresponding to equation 9.6 are shown, 
dotted in Fig. 9.10. In circumstances where results are rounded 
·to a ~pecified accuracy it ii recommended (Bi 5497 1979) that 
repeatability is - lithe minimum value ~qual to or below which the" 
absolute difference ••• " etc. 
" The step function on fig."' 9.10 is a suitable practical 
interpretation-of this recommendation for frost susceptibility tests 
where he'ave is recorded to the 'nearest '0.5 mm. It should be 
emphasised that 'these functions are the' same for both units 'and 
freezing periods. For convenience in a commercial testing laboratory 
the r~peatability could be tabulated. 
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9.5 Assessing Frost Susceptibility in a 96 Hour Freezing Test 
9.5.1. The Proposed Criteria 
Based on the foregoing analyses the following method of 
interpreting 96 hour freezing test results is proposed:-
Calculate the mean heave of the three specimens and determine 
from figure 9.10 the range repeatability for a test with this mean 
heave. If the range in heaves is less tha!1 the range repeatability 
then the test results are accepted. If not then they are rejected • 
. 
For acceptable tests, if the mean is greater than 8 mm then the 
material is classified as frost susceptible; if the mean is less 
than or. equal to 8 mm the material is classified as non-frost 
susceptible. These proposals are incorporated as the shaded regions 
onfig.9.10. 
Using the available data it is possible to compare the 
classification of tests using this method with the classification _ 
of the same test after 250 hours freezing using the 13 mm criterion. 
9.5.2 Comparison of'the·Proposed 96·and.Existing 250 Hour 
Frost Susceptibility Criteria 
Both methods of classification are applicable to groups of three 
specimens tested in either anSRU or a cold room. Therefore t from 
each of the.20 tests containing nine similar specimens three groups 
of three specimens were randomly selected using the method previously 
described (section 9.4.5). In addition three groups of three were 
available from the 14 tests·containing mixed loads yielding a total 
102 groups of three. The methods of classification do not of course 
incorporate any special provision for detecting outliers so these 
results. were included. 
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For each group of three specimens the mean and range in heave 
after 96 hours freezing was calculated along with the mean after 
250 hours. The 96 hour and 250 hour classifications were then 
determined and the number of results in each category compared 
(Table 9.3). 
, Of the 98 results classified as acceptable after 96 hours 95 
had the same classification by both criteria. This ,very good 
agreement confirms the val idity of the proposed, 96 hour criteria., 
The remaining 3 were all classified at 96 hours as non-frost 
susceptible but at 250 hours as frost susceptible. 
A total of 4'sets of data were classified at 96 hours as test 
rejected (two sets would have been non-frosi susceptible at both 
times and two frost susceptible)~ This number accords well with the 
expected number of about 5; which is further evidence to support the 
validity of the analytical approach. It only remains to decide what 
action should be taken in the event of a test being rejected. 
9.5.3 Dealing'withTest'Results which are'Rejected,, 
There are four reasons why the range in heave results may exceed 
"the repeatabil ity criterion. 
(a) Because of experimental error either in specimen preparation 
or due'to malfunctions during~the freezing period.~ 
, 
(b) Due to the innate variability of the material. 
(c) The test ma~ be one of the ~% which can be expected to fail. 
A number of techniques are available which may enable the 
particular source of ,variability to be isolated. These include:-
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(i) Keeping a careful record in which the procedures adopted for' 
preparing and testing specimens are noted. The reason for the 
anomalous test results, caused by using a mechanical mixer to· 
prepare specimens (section 4.10),could not have been determined 
without such a record; 
(ii) Measurements and ancillary tests to enable a reconciliation 
between target and spec~men densities and gradings. 
(iii) Measurement of temperatures during the test and, in the SRU, 
checking the level in the Mariotte vessel. 
Methods (ii) and (iii) were adopted as routine in this 
research and are now included in a less rigorous form in MM 64 
(TRRL 1981). These techniques may enable variability arising 
from source (a) to be detected in which case the appropriate action 
would be to remove the source of error and repeat the test again 
using three specimens. 
It may be, however, that the investigation of the source of 
high variabil ity proves unsuccessful in which case the errors may 
be due to sources b or c." In either case more specimens must be 
tested and the recommended procedure in .MM 64 is to test nine; in 
which case the appropriate range repeatability"is giv'en(Fig. 9.10). 
(In practice if material is in short supply only three more 
specimens may be tested). If the results are still anomalous then 
more detailed testing will be necessary.' This may for example 
include water absorption, sedimentation analysi~ of the fines or 
determination of the Atterberg limits. 
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9.6 Comparison of the Proposed Criteria with those Oerived Elsewhere 
9.6.1 The Maximum Heave Criteria 
Sherwood (1981) has indicated that a limit of 10 mm (rather 
than the 8 mm limit adopted here) should be used to classify frost 
susceptible material in tests with a 96 hour freezing period. It 
is intended that this will be used as the acceptable limit of heave 
for use with the new, possible British Standard, frost susceptibility 
test. 
,The method by which this limit was derived has been reported 
in MM 65 (Sherwood and Roe 1980). It was based on the heave 
results for,712 individual specimens of roadmaking material from 
four different laboratories. For each specimen the ratio h96/h250 
was calculated along with the mean ratio for each laboratory. 
The mean ratio in three laboratories was between 0.647 and 
0.684 which substitutingan h250 value of 13 mm yields an h96 value 
between 8.4 and 8.9 mm. This result isin good agreement with that 
obtained in this chapter especially considering the difference in 
the methods of analysis and the fact that certain materials notably 
waste products (slags, colliery shales etc.), which may behave 
,differently, were not included in this research. 
In the fourth .laboratory the mean ratio of h96/h250 was 0.82 
which substituting for h250 = 13 mm yields an, h96 value of 10.6 mm. 
Clearly the behaviour of specimens tested in this laboratory -is 
different from that of specimens tested in the other three. 
Using the 628t individual results available, of which 257 came 
from the fourth laboratory, it was found that by adopting a 96 hour 
heave criterion of 10 mm 91.4% of results retained the same 
classification as at 250 hours. 
t For the remainder of the 712 results only the ratio h96Jh2S0 was known 
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Clearly this result is biased by the large proportion of 
results from the fourth laboratory. In the others a 250 hour heave 
of 13 mm was equivalent to a heave of less than 9 mm.for these 
laboratories, therefore, the proposed 10 mm criterion represents 
a relaxation to the limit of acceptable heave. 
9.6.~ The Variability Criteria 
In the draft proposals for this new specification (t1M64, TRRL 1981) 
. 
. ; 
details of the variability in heave results which can be considered 
acceptable have been given. These 'state that:-
~If the range (i.e. highest-lowest) of the three specimens 
exceeds 5 mm or if one or two specimens heave more than the. 
acceptable maximum, the test shall be repeated usinri nine specimens 
(a repeat test is not necessary if all three specimens exceed the 
acceptable maximum) •. If the standard deviation of the nine 
specimens of one material exceeds 3 mm the test shall be repeated 
once more 11 • 
No details of the data or method of analysis used to derive 
these criteria are available, however, the following points may 
. be noted. 
Firstly, the 5 mm range limit for a mean heave of 10 mm compares 
favourably with the value of 4.5 mm indicated on Fig. 9.10, but for 
marginal material~ (n = 10 mm) a standard deviation of 3 mm is much 
greater than any value obtained in this research (Fig. 9.7). 
Secondly, if the heave results are self-consistent then the 
more easily calculated parameter of range would be equally 
applicable to sets of nine results. 
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250 hour heave:-
h :;; 13 mm h > 13 mm Total 
96 hour h :;; 8 mm 165 9 174 
heave 
h > 8 mm 5 127 132 
Total 170 136 306 
Units are number of results 
TABLE 9.1 . COMPARISON OF THE 96 AND 250 HOUR HEAVE 
OF THE INDIVIDUAL SPECIMENS 
DOF 
Freezing Period Unit \I 2 X calc 2 . X .025,\1 
CR 6 8.40 14.45 
250 hours SRU 6 5.65 14.45 
Combined 8 13.51 17.53 
CR 5 12.83 12.83 
96 hours SRU 6 7.28 14.45 
Combined 8 11. 05 17.53 
. >. " 
TABLE 9.2 CHI-SQUARED TEST RESULTS 
250 Hour Classificaticin 
96 Hour 
Classification N.f.S. f.S. 
(fi :;; 13 mm) (fi > 13 mm) Total 
N.F.S. (h ~ 8 mm) 53 3 56 
F.S. (h > 8 mm) 0 42 ; 42 
Total 53 45' 98 
N.F.S. = Non-frost susceptible; F.S. = Frost Susceptible 
TABLE 9.3 COMPARISON Of THE 96 HOllR AND THE EXISTING •.• 
250 HOUR HEAVE CLASSIFICATIONS 
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CHAPTER 10 
SOURCES OF HEAVE VARIABILITY IN THE TRRL TEST 
10.1 Introduction 
In this chapter the possible reasons for the differences in 
heave of.similar specimens tested in the TRRL apparatus are 
investigated. These investigations are based primarily on measurements 
made during the heaving tests dessribed in Chapter 8. 
Firstly the temperatures measured are tabulated and the 
influence of the properties of the materials, the time into the test 
and heave of the specimens on these temperatures is examined. ' 
Material which heaved over 18 mm heaved more in the Mk3 SRU than 
in the cold room (Section 8.7.3). The reason for this is 
discussed. Heat extraction rate, temperature 9radient and cold 
side temperature have all been shown to influence heave (sections 
2.8 and 2.10.5). Differences in these factors between specimens 
within a given test run are a possible source 'of heave variability. 
The correlation between heave and each of the above factors is 
investigated. 
The specimens were prepared using techniques intended to 
minimise degradation and produce the maximum·dry density and optimum 
moisture content. The extent to which these objectives were fulfilled 
is examined. The effect on heave of small differences in density 
and grading between nominally simiJar specimens is assessed. 
Inspection of specimens at the end of the tests revealed 
interesting differences in the mode of ice formation and indicated 
th~the nature and disposition of the aggregate particles may have 
an important effect on heave. 
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Work elsewhere has sho\'m that heave may be influenced by 
the mould which is used at the compaction stage. The effect of 
moul~s on the heave of the materials used in this research is 
discussed. 
Finally, based on these investigations, suggestions are made 
for further refinements to the TRRL test. 
10.2 The Imposed Temperatures 
" 
10.2.1 Method of Monitoring and Analysis 
In most of the comparative frost heave tests (Chapter 8) the 
specimens and testing units were instrumented with thermocouples 
as described in section 8.4.2. The temperatures were recorded and 
analysed using the system described in sections 6.3.2 to 6.3.5. 
For most of the tests one of two monitoring schemes was used: 
(a) short term monitoring~ using either a 2 or 4 minute scanning 
interval lasting up to four hours; or (b) long term monitoring, 
using either a 30 or 120 minute scanning interval, which usually 
covered the entire test period. The scanning intervals and 
period of time for which temperatures were recorded are detailed 
in appendix 6a. 
For those tests containing internally instrumented specimens 
long term monitoring was, in general, employed •. The levels of the 
thermocouples were measured at the start'of the test and thereafter 
it was assumed that once the temperature at the thermocouple had 
dropped to zero, it moved the same amount as the measured surface 
heave. At the end of the test the calculated level was in all 
cases within 10 mm of the measured level. A similar measure of· 
agreement was obtained between the measured terminal lens position 
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and that calculated by interpolating between the recorded thermocouple· 
temperatures. 
The mean a ir and \'Jater bath pull-down times, measured from the 
graphical temperature records, are given in table 10.1. Also included 
is the mean time which elapsed before the refrigeration in the Mk 3 
SRU first switched off (and the standard deviation), as measured 
for all tests, by the inbuilt timer. 
Typical long and short term temperature flu~tuations are shown 
in figs 10.1 and 10.2 and the temperature parameters (section 6.3.4) 
measured during the final 2 hour periods of two minute scanning are 
given in table 10.2. (Towards the end of the tests heave rates were 
low and so the influence of moving boundaries and moisture flow on 
the specimen boundary temperatures was diminished)" 
10.2.2 The Specimen Boundary Temperatures 
In both the cold room and Mk 3 SRU the fluctuations in 
temperature at the bottom of the specimens were very small and there 
was no perceptible drift in these temperatures over the test period. 
The overall mean temperature was the same in both units being 
between 2.8 and 3.1°C, approximately 1°C lower than the temperature 
in the water bath. 
·In the air and sand packing there was a systematic difference 
between the temperatures in the corners and the ~idd1e of the 
Mk 3 SRU (Fig. 10.3). These differences were reflected in 
the temperatures at the top of the specimens. The central 
specimen (e) was always warmest and one of the corner specimens was 
always the co1dest •. No such systematic variation was observed.in 
the cold room (Table 10.3). These results may be expected since in 
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the SRU heat is extracted from the sides of the test chamber radially but 
the walls of the freezing cabinet are insulated so that heat is 
extracted vertically upwards. 
The temperatures at the top of the specimens also varied with 
time into the test, the heave of the specimens and their thermal 
conductivity (Fig. 10.4). For a given material (and, in the SRU, 
specimen position) the top temperature decreased rapidly until the 
zero isotherm was almost stationary (Section ~O.~.3). The surface 
temperature then decreased linearly with heave. In this phase 
(a heave level of 15 mm was chosen) the temperature decreased 
1 inearly vii th thermal conductivity; as may be expected, materia 1 s. 
with a higher thermal conductivity had higher surface temperatures 
and vice-versa. The temperature at the top of SF 4/80 specimens 
was 2°e higher than that at the top of the warmest aggre9ate 
specimen but concrete specimens had temperatures in the middle 
of the range covered by the aggregates. 
10.2.3 Temperatures within the Specimens 
Examples of the variation of internal temperature with time 
are shown in Fig. 10.5. It is interesting to note that in the 
early stages of the Mk 3 SRU tests, because of the rapid pull down 
of the air and water bath temperatures, the specimens were warmer 
in the middle than at either end. 
'The zero isutherm penetrated very rapidly in the aqqreqate 
and concrete specimens attaining the maximum penetration after less 
than 40 hours (Fig. 10.6). The rate of penetration in SF 4/80 
specimens was much slower and unlike the aggregate and concrete 
specimens, the zero isotherm continued to fall steadily throughout 
the test. 
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In the aggregate specimens the temperature gradient across the 
frozen-unfrozen interface remained steady after about 25 hours 
freezing. These gradients were much larger than for SF 4/80 specimens. 
Because the zero isotherm penetrates further into colder specimens 
the temperature gradients in specimens e and 9 in the Mk 3 SRU were 
similar (e.g. Fig. 10.7). 
For the WHIN 2, DOL 2 and concrete specimens, the temperature 
gradient was linear through the frozen zone a~d ~cross the frozen-
unfrozen interface (e.g. Fig. 10.5). An estimate of the temperature 
gradient in other tests could therefore be made using the top 
temperature and the measured depth to the base of , the frozen zone. 
Results for those aggregates where the final temperatures were. 
measured after 200 hours of freezing are given in table 10~4. , 
. In the unfroien zone the non-linearity of the temperature was 
probably due to the inward radial flow of heat from the copper cup 
which is warmed by the water bath (Dudek 1980). 
10.3 The Calibration of Test Facilities 
It has been suggested (Kettle 1977, Hill 1977a)that SRU's 
intended for frost-susceptibility compliance testing should be 
tuned to give the same temperature when.loaded with specimens made 
. , . 
of a standard material. This idea has been incorporated in the 
provisional SRU test specification MM64 (TRRL 1981). The 
positi.ons ,at which temperatures should be measured (using the 
in built monitoring system) and the temperature parameters to be 
calculated are based on those used in this research. For tuning 
purposes ~1/YI64 states that the SRU should be loaded with, "any 
unbound, well graded granular material ". 
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It hps been shown that SF 4/80 specimens have top temperatures, 
temperature gradients and zero isotherm penetration rates untypical of 
those obtained for type 1 sub-base aggregates. Although the SF 4/80 
specimens were gap-graded their thermal properties will be 
representative of those of fine grained sandy materials. The 
indications are that such material should not be used when tuning 
SRU's. Concrete specimens on the other hand, which are banned for 
tuning purposes by MM 64, produced thermal responses similar to 
those of the aggregates. They also have the advantage that they do 
not heave so it would be possible to specify the temperatures which 
must be achieved at the top of the specimens. Care would, however, 
be required when specifying their composition so that consistent 
. . 
thermal properties, similar to those of aggregates are obtained. 
. . 
Concrete specimens are also robust and convenient to handle and they 
would be available whenever a check on the performance of the unit was 
required. 
10.4 Comparison of Temperatures in the Prototype SRU and Mk 3 SRU 
The long term temperature fluctuations in the Mk 3 SRU are 
plotted as a pUll-out (Fig. 10.1) so that they can be compared 
with those in the prototype unit with the fan on (Fig." 6.3, page 1 ?O). 
The pull-down times and temperatures parameters measured in this 
test are included in tables 10.1 and 10.2. 
At the specimen boundaries the pull-down time, the short term 
temperature fluctuations (F) and the variation in temperature across 
the unit {V) were all much less in the Mk 3SRU than in the 
prototype unit. These results confirm that good water circulation 
2'+8 
is necessary to obtain closely controlled temperatures and at least, 
for the ambient temperatures which prevailed during these tests, it 
is unnecessary to fit an independent cooler to the Mk 3 unit in order 
to achieve rapid pull-down or good temperature control. 
, Although the air temperature fluctuations in the Mk 3 SRU were 
slightly greater than in the prototype unit the fluctuations at the 
top of the specimens were much smaller. These results demonstrate 
the importance of accurately controlling the water bath (rather than 
the air) temperatures in order to minimise fluctuations at the 
specimen boundaries. 
10.5 The Influences of the Imposed TemperatureS'on Heave 
10.5.1 Differences between the Cold Room and Mk 3 SRU 
In section 8~7.3 it was noted that for materials which heaved 
over 18 mm the heave in the Mk 3 SRU was greater than in the cold 
room., The most likely explanation of this phenomenon is the rapid 
rise in the temperature at the top of the specimens which occurs 
during the cold room defrost periods. (Inspection of the graphical. 
output from a short term scanning test on Woodhall Spa 114 revealed 
a rise in temperature similar to that observed at the top of concrete 
specimens, Fig. 6.4). This will cause the temperature of the ice-
water interface to rise (possibly melting the ice lens) leading to 
a reduced suction (Clausius-Clapeyron equation). The flow of water 
to the lens and thus the heave rate will be temporarily reduced 
leading to an overall lower heav~ at the end of the test., 
Gaskin (1970) measured considerable fluctuations in the pore 
water suction of specimens being frozen in freezing cabinets. This 
was due to fluctuations of water bath temperature.' In analogous '. 
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restrained heaving tests Hurt (1976) measured a sudden decrease in 
heaving pressure during the cold room defrost period. These 
observations lend support to the above explanation. 
10.5.2 The Variation of 250 Hour Heave within Each Unit 
The primary aim of developin9 the new SRU, with reduced 
temperature fluctuations, was to reduce the variation in heave 
results. The extent to which this objective .~ad.been achieved was 
assessed by comparing the range in heave obtained in the prototype 
SRU (Appendix 3a) with the range repeatabilityin the Mk 3 unit. 
Of the 18 sets of data, each one based on three individual 250 hour 
heave results, only two exceeded the range repeatability (Fig. 10.8). 
In a total of 18 results at least one would be expected to exceed 
. ~ 
the range repeataoility as it is based on a probability level of\ 
0.95. Very little reduction in the variability of heave 
results within a single test run has therefore been achieved. Jones 
and Hurt (1975)compared.the variat~on in the heave of sand-limestone 
filler specimens before and after the modifications to the cold room 
freezing cabinets, they noted a similar lack of improvement, 
(Table 4.1). Hurt (1976) attributedtnis to fluctuations in water 
bath level. ,In an SRU fitted with a constant level device this 
explanation is untenable • 
. ,The greatest difference 'in the boundary temperatures to which 
individual specimens of a given material were subjected ~as the 
temperature at the top of the specimens. In the Mk 3 SRU, however, 
the systematic differences in these temperatures did not result in 
a corresponding variation in heave (analyses of .variance table 8.3). 
C~reful investigation failed to reveal any strong links between heave 
and the boundary temperatures (or their fluctuations). 
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This result appears to conflict with the data of Penner and 
Ueda (1978) who showed that the heave rate of silts and clays tested 
in their apparatus increased with cold side temperature. Besides 
the differences in materials two possible reasons for these 
differing results are worth noting. Firstly, the cold side' 
, 
temperature in Penner and Ueda's apparatus may merely be a 
, , 
reflection of tempera.ture gradient (Gaskin and Howie 1980) and 
secondly, for the range of temperatures and the low overburdens in 
the TRRL test heave rate was virtually independent of cold side 
temperature, Penner and Walton (1979). 
Whilst net heat extraction rates were not measured directly 
approximate values were calculated by assuming that, for a constant 
.. zero isotherm level, the temperature gradient in the unfrozen zone 
was linear. On this basis the net heat extraction rates for 
Woodhall Spa F1 specimens (the most frost susceptible material) were 
approximately 22 Wm- 2 for the central Mk3 SRU specime~ and 4f Wm-2 
for the coldest corner one. The results of Jones (1981) indicate 
- " 
that, for a static zero isotherm, a difference of this magnitude 
would cause a difference' in heave rate of about 7 mm day-1. This 
, . , ': 
suggests that a measurable systematic heave difference between the 
centre and corner specimens can be expected. As noted in section 
8.7.2 this did not occur. 
For boundary conditions similar to those 'in the TRRL test 
. . 
Konrad and Morgenstern (1981) showed that the heave rate of a silt, 
, , 
at the onset of terminal lens formation, increased byabout 0.05 mm 
day-1 per °Cm-1 increase in temperature gradi~nt. Ass~ming a 
similar sensitivity after the terminal lens has formed, this is 
equivalent to a total heave change at the end of the TRRL test of 
. '"} 
about 0.4 mm per °C m~1. The thr~e most frost susceptible aggregates 
:".._ .,", _. I 
did infact show an increase in heave with temperature gradient of 
about this magnitude (Fig. 10.9). However, for all but WHIN 2 M, 
where the temperature gradients were the most variable, the correlation 
was poor. For the other lower heave materials, no correlation 
" 
between heave and temperature gradient was found. This could be 
due either to the low measurement accuracy (temperature gradient 
estim~ted at ± 5°C m- 1) or, more probably, because other intrinsic 
· factors exert a greater influence on heave. The latter explanation 
· may also be the reason why heave was independent of specimen 
position although net heat extraction was not. 
10.6 The Grading of the Frost Heave Specimens 
10.6.1 The Influence of Grading on Heave 
At the end of each frost heave test the particle size 
· distribution of one specimen of each nominal grading was determined 
by a wet sieving analysis (BS 1377 1975 test 7A). Therefore, for 
· most M graded type 1 aggregates and Oene 119C the final grading of 
four specimens was determined. For the remaining aggregate/grading 
combinations and for OOL2 M only two specimens were analysed. 
Typical results are shown in Fig. 10.10 and the final mean grading 
of all the materials is given in table 10.5. " ,~' 
The relationships between the final mean grading,expressed 
,as effective particle size (010 ), and the overall mean 250 hour 
,heave (Appendix 4f) are shown .in Fig. 10.11. The increase in heave 
of the type 1 aggregates with decreasing 010 concures with behaviour 
reported el sewhere (Jones and Hurt 1980). ~ For the type 2 aggregate 
(Woodhal1 Spa 114) heave decreases with fineness. A maximum heave 
within the type 2 envelope has been reported elsewhere (Burns 1977b) 
• 
and may be attributed to an optimum between-particle pore size. However, 
in the case of Woodhall Spa other factors may also be influencing 
heave (sections 10.7.2 & 10.8). Sand and limestone filler specimens 
displayed an 'increase in heave as the gradin9 became finer (Table 8.2, 
Fig. 4.6)' 
10.6.2 Grading as a Source of Heave Variability 
The differences between the final gradings of nominally similar 
specimens, expressed as the range in percentage passing each sieve 
(Appendix 6b), tended to be greatest on the larger sieves. This 
result may be partly due to the 2.5 Kg sample size which for material 
over 20 mm does not yi'eld a representative sample (SS 1377 1975) .. 
The 'variability bf the final specimen gradings can be expressed 
'" by the average range in the percentage passing each sieve. This value 
was, for all materials, between 0.5 and 2.9% which is considerably 
less than the value of 9% which can be expected for type 1 
aggregates when using standard sampling and riffling techniques 
(Pike 1979). The graded grains technique was, therefore, successful 
. in limiting the variation in grading between the frost heave 
specimens. 
Of the type aggregates, Ashton Keynes 102 at the coarser 
gradin~s showed the greatest change i~ heave 0ith effective particle 
size D10 (Fig. 10.11). The heave of the type 1 limestone ag~regates 
tested by Hurt (1976) showed a similar sensitivity to grading. The, 
coarse graded Ashton Keynes specimens had final D10 value~ in the 
range 0.5 to 0.7 mm (Fig. 10.10)' This could, according to 
Fig. 10.11, (extrapolated) cause a heave difference of over 5 mm~ 
The'remaining small differences in the final gradings of similar 
specimens, therefore, represents a poss ibl e source of heave variabil ; ty. 
For the other materials, however, heave was much less sensitive 
to grading and the small differences between similar specimens would 
have little effect on heave. 
10.6.3 Degradation 
, 
For most materials the final mean grading of the frost heave 
specimens was finer than the initial grading (Appendix 6c). The 
difference between the two gradings,tended to decrease with particle 
, 
size (Fig. 10.12). Since freezing appears to cause no change in 
grading (Figs. 4.11) the degradation is presumably due to the 
particles being crushed during the compaction process., (Degradation 
by attrition tends to cause an increase in fines, Fig. 4.'11). 
Expressing the overall change in grading as the mean increase 
in percentage passing, the influence of material type on degradation 
is illustrated in Fig. 10.13. The excessive degradation of DOL 2 
can clearly be seen and/although the final mean grading was a little 
finer. than the intended M grading, it was still within the,type 1, 
envelope (table 10.5). For most materials the degradation decreased 
as the grading b.ecamefiner, however, for Spencers Farm ,103 Fl and 
Woodhall Spa F2 the final mean grading was actually coarser than the 
initial grading. This result may be expected since these materials 
. . 
were observed to shed fines during the compaction process. 
There was no obvious dependence of degradation o~ hardness 
(Aggregate Crushing Value). This result was also obtained when 
frost heave specimens were prepared by ,the static LR 90 procedure 
(Hill 1981). Using this procedure, however, degradation was 
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much greater (6 to 14% mean increase in percentage passing). 
Since heave increases as the ~rading becomes finer, it is 
important that degradation is minimised or alternatively that 
it is of similar magnitude to that which occurs when material is 
compacted on site. Hill (1981) indicated that type 1 crushed 
concrete, dolomitic limestone and blast furnace slag which was 
compacted on site to 90% maximum dry density degraded by -1 to 2% 
(mean increase in percentage passing). The average mean increase 
in percentage passing for all the materials tested in this research 
{including DOL 2)was 2.9% (Fig. 10.13). This value compares favourably 
with Hill's measurements, particularly when it is considered that the 
materials were compacted at 100% of the maximum dry density. The. 
grading of material in frost heave specimens prepared using the 
technique described in section 7.2.3 is thus similar to th~t of the 
same material compacted on site. 
10.7 The Density and Moisture Content of the Specimens 
10.7.1 Comparison of the Achieved and Target Values 
The weighings made at the beginning and end of the frost heave 
tests enabled·the dry density (DD) and the moisture content (MC) of 
all the specimens at the beginning of the tests to be determined. 
The mean values and the standard deviations and their volumetric 
. equivalents; the proportion of volume occupied by solids (PVS), 
proportion of free residual water (PRW). and the proportion 
of residual air (PRA) are given in table 10.6. ~ These mean values 
are compared with the target values (table 5.7) in Fig. 10.14 •. 
The major source of error in calculating the DD and MC was due 
to.the small amounts of aggregate .and water which adhered.to the 
porous disc and 0axed paper when the specimens were stripped from 
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their supports and transferred to the drying trays. The errors in 
the volumetric proportions attributable to this loss (assuming a 
mean loss of 10 g of aggregate) are included on Fig. 10.14. 
Making due allowance for these errors; it would appear, that· 
the achieved values were very close to the targets for the M and F1 
gradings. The coarse specimens, however, tended to have a lower 
density and water content and a higher air content than the target 
values. The coarse specimens also showed the,9reatest variability 
in density and moisture content between specimens (table 10.6). 
These results are consistent with observations made whilst 
manufacturing the specimens. During the compaction process loss of 
water and fines occured and sometimes, on extrusion,material tended 
to fall away from the edge of th~ specimens, both being most .noticeable 
with the coarse g~aded specimens, particularly Croft 105 where the 
density was low. 
10.7.2 The Influence of Compacted State on Heave 
The overall mean 250 hour heaves of four aggregates are compared 
with the va 1 uesreported by Burns -(tab 1 e 5.1) fn table 1 0 ~ 7. ' 
The results for Spencers Farm 103,M and Ashton Keynes 102 M are 
similar. However, Croft 105 M and Stan1ey Ferry 106 M which were 
compacted at target maximum dry densities 0.11 r~9m-3 lower than 
those obtained,by Burns heaved'much less. (Hiqher densities can be 
achievep by using a 900 H, rather than a 750 ~1 vibrating hammer, 
section 5.4.3). Other aspects of the compaction and preparation 
procedure were similar (Burns also used a graded grains technique). 
Initially, the shortage of fines was thought to be the reason for 
the discrepancy, however, at the same density, Croft 105 with extra-
fines (b gradings) had a similar heave. 
Further evidence that heave increases with density was 
revealed from the investigation of the two DOL 2 hiQh heave results 
(outliers section 8.7.1). One of these specimens had a significantly 
higher density than the others,.and the other had a significantly 
higher moisture content. These discrepancies presumably occured due 
to errors at the manufacturina staqe. 
~. -
Since the density of the specimens generally increased as the 
grading became finer (table 10.6) •. It·;s possible that the observed 
increase in heave with fineness (Fig. 10.11) was partly due to an 
increasing density. In fact, the heaves of Woodhall Spa 114 increased 
with density, although the grading became coarser (but see also 
sec t ion 10.9). 
Many workers"have noted that density influences heave, both 
positively and negatively (e.g. Zoller 1973). The results of Hurt 
(1976) are~ however, contradictory. He demonstrated that a 
reduction in density of about 10% had no significant effect on the heave 
of four limestones (with porosities between 9.8 and 26.1%). He 
attributed this to the dominance of the within, rather than the 
between, particle component of heave. This.may.be the crux of the 
matter. Since particles of Croft, Stanley Ferry and the sand-
limestone filler have a low porosity « 9.8%) the within particle 
component of heave will presumably be small. 
No correlation could be found between heave and the 
density (or moisture content) of" individual specimens, however, this 
may be due to the low measurement accuracy (heave ± 0.5 mm, density 
± 0.02 Mg m-3). If, however, heave is as sensitive to density as 
the above evidence suggests (i.e. an increase in 250 
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hour heave of 1 to 2 mm per 0.01 Mgm-3 increase in density) then the 
small differences in the density of similar specimens is a possible 
source of heave variability. 
10.8 Innate Material Variabil ity 
Differences in pore structure in the vicinity of the zero 
isotherm were revealed as a likely source of heave variability 
whilst inspecting the two Spencers Farm specimens which heaved 
significantly more than the others (outliers section 8.7.1). 
In the cold room specimen (heave 19.5 mme compared with a mean 
for the remaining specimens of 5.6 mm) ice had accumulated as a 
hollow column centred over a single 28-20 mm sized pebble rather 
than as a continuous lens. The void between the frozen and 
unfrozen zone and'in the centre of the column was filled with white 
needle ice (Fiq.e 10.15). A similar feature was observed in the 
- . 
other specimen which was tested in the Mk 3 SRU. The pebbles 
• e 
immediately below the ice columns had a white weathered surface and, 
compared with the bulk of the particles, a high porosity (n > 6%). 
The scarcity of large particles with such a high porosity (Fig. 5.4) 
explains the rarity of this anomalous behaviour. The shape of the 
ice structures clearlY indicates that heave was caused by 1 iquid 
. ~ . 
flow through the porous coating on the particles rather than through 
the intergranular pores. Some DOL 2 specimens showed a similar 10ca1-
ised growth of ice. In this m~terial the ice had accumulated over 
the remains of very weak particles which had disintegrated during e 
compaction to form isolated :pockets of mud. The increase in heave 
of Woodhall Spa as the grading became coarser (Fig. 10.11} may be 
due to the increase in mean particle porosity. (table 5.7). 
The nature of the ice in two Ashton Keynes specimens suggested 
that heave was controlled by flow between rather than through the 
particles even though the particles were relatively porous (n > 9%). 
In these specimens clear ice had grown above areas filled by smaller 
particles. Cavities above large pebbles were filled with needle 
ice (Fig. 10.15). 
The foregoing observations illustrate that ,the relative importance 
of liquid flow within and between the particles differs for each· 
material. Although these results represent the extreme modes of ice 
formation most of the specimens had terminal lenses which contained 
a variety of ice types. . In some areas the ice was clear and glassy 
and in others it was white due to bubble traces through the ice. 
In a few specimens areas of white needle ice had grown into voids. 
For the aggregate specimens the zero isotherm remained almost 
stationary after the first 40 hours or so of freezing (Fig. 10.6). 
The nature and disposition of the particles within a relatively 
narrow zone, therefore have a disproportionate influence on heave. 
Specimens having a diameter of 152 mm rather than 102 mm were an 
attempt to produce a more representative distribution of particles. 
Heave variability was not, however, reduced, perhaps because the· 
increase in cross sectional area of 225% was insufficient. 
10.9 Mould Effects and the Curing Per.iod 
Sand-limestone filler specimens compacted in different moulds 
have given significantly different heaves in the TRRL test, 
Sherwood et a1 (1980). This was attributed to the formation of high 
pore water pressures .which did not have time to dissipate dur.ingthe,· 
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24 hour curing period. When the curing period was increased to . 
240 hours heave was significantly reduced (Sherwood 1981). In the 
provisionalSRU test specification (MM 64) the curing time has, 
therefore, been increased to 120 hours. 
This proposal nullifies nearly all the practical advantages 
gained from the shortened, 96 hour, freezing period. In fact the 
situ~tion is worse than with the existing 250 hour t~st which at least 
gives some indication of frost susceptibility after'onlY 2 to 3 days. 
SF 4/80 used in this research was in many respects untypical 
of sub-base aggregates. The assumed hi~h pore water pressures may, 
for example, be due to the finer grading~ higher moisture content· 
or limited pore size distribution of the sand-limestone filler 
specimens. 
In conjunction with this research three heaving tests were 
undertaken in which four specimens were compacted in one mould and 
four in another. Two tests contained sand-limestone filler and one 
Spencers Farm 103 M. Each material'was tested in a different unit 
after 24 hours curing. In all three tests there was no significant 
difference, in either the standard·deviation or mean heave, between 
the two sets of specimens (table 10.8). 
Clearly, the need for a 10nger curing period requires further 
consideration before such a major change is adopted in a standard, 
rather than provisional , specification. 
10.10 Suggestion for Further Refinements to the TRRL Test 
The foregoing analyses suggest that variations of heave in the 
TRRL test are due to differences in the intrinsic properties of the 
materials rather than to differences in the imposed boundary temperatures. 
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It may be possible to reduce differences in grading, density, 
and moisture content by firstly hand mixing material which is 
; 
recombined from separate size fractions, then compacting -it dry on· 
a vibrating table, and lastly (as in the CRREL tests) saturating 
the specimen under a vacuum. If more of the material were to 
'" actively contribute to heave it would minimise heave variability due 
to the nature and disposition of the aggregate particles. This 
could most easily be achieved by limiting the rate of zero isotherm 
penetration, for example, by raising the cold side temperature. 
For. routine compliancetests these changes in test procedure 
have a number of practical disadvantages. Firstly, the suggested 
" . 
method of specimen preparation is far more sophisticated than that 
currently used. Secondly, the moisture content, and possibly the 
;, ' , 
density, of the material may no longer be representative of.that 
achieved on site, and thirdly, since heave is dependent on the rate 
of zero isotherm penetration (Penner 1972, Dudek 1981), extensive 
testing would be necessary to determine appropriate frost 
susceptibility criteria. 
For the present, therefore, the practical solution is to 
specify a standard frQst susceptibnity test broadly in.1 i~e with 
the MM 64 proposals (p~ssible exceptions have been discussed in 
sections 10.3 and 10.9) •. The' range repeatability ~f such a test 
will at best be that quantified in Chapter 9. (lna commercial 
laboratory less stringent testing procedures will probably be adopted). 
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Level Water Timer t 250mm bath 
Unit Material (hrs) (hrs) (hrs) 
Prototype Concrete 4.0 12.0 
MK3 { Concrete 8.0 4.9(0.3) 
- Aggregates 5.5 8.5 
Coldroom Aggregates 22.0 16.0 
-" 
tSee section 10.2.1 
"" ••• > > 
TABLE 10.1 MEAN PULL DOWN TIMES 
Prototype and MK3 SRU 
Level < t Test - T V F Testt 
. (OC) (OC) (OC) 
Conorete -18.0 1.20 0.60 102 9M 
102 3x3 . -17.5 1.80 0.46 102 3x3 
250mm 105 3x3 .~ 17.2 1. 85 0.40 103 9M 
1149F1 /2 -17.0 1.97 0.43 119 3x3 
114 9Fl -16.8 2.04 0.45 1149F1/2 
Concrete -7.3 0.85 0.23 102 9M 
Top 102 3x3 -6.5 0.61 0.03 102 3x3 105 3x3 
-5.9 0.85 0.04 103 9M of 1149F1/2 -6.7 0.62 0.03 119 3x3 Specimens 1149Fl 
-5.5 0.59 0.03 1149F1/2 
Concrete 2.4 0.59 0.26 102 9M 
Bottom 102 3x3 2.9 0.24 0.02 102 3x3 
of 105 3x3 2.9 0.21 0.01· 103 9M 
Specimens ' 1149F1/2 2.9 0.21 0.02 119 3x3 
114 9Fl 3.0 0.19 0.02 1149Fl/2 
, 
Conor€:. te . 3.8 0.47 0.26 102 9M 
Water 102 3x3 3.5 0.07 0.03 102 3x3 105 3x3 3.6 0.19 0.03 103 9M Bath 1149Fl/2 3 . 5 O. 18 O. 03 119 3x3 . 
114 9Fl 3.7 .0.04 0.03 1149Fl/2 
-
f e .g. gM ; Similar specimens at M grading 
3x3 = Mixed load of three different gradings 
Figures in italics are prototype SRU tests 
TABLE 10.2 -TEMPERATURE PARAMETERS RECORDED IN THE 
COLD ROOM AND SRU'S 
Cold room 
T V F 
(0C) (0C) (0C) 
-15.8 0.74 0.06 
-16.0 0.61 0.07 
-16.6 0.51 0.23 
-16.10.710.08 
-15.9 0.68 0.09 
-6.9 0.55 0.01 
-6.2 0.44 0.04 
-5.6 1.14 0.05 
-6.0 0.90 0.06 
-5.6 0.53 0.03 
-. 3.0 0.21 0.02 
3.1 0.35 0.04 
3.1 0.29 0.01 
2.8 0.25 0.01 
2.9 0.17 0.04 
3.9 0.17 0.04 
4.1 0.18 0.05 
4.0 0.19 0.03 
3 . 9 O. 14 0.03 
4 . 0 0, 1 7 O. 04 
Plan Position 
Unit Test a b c d e f 
102 gM -7.5 -7.6 -6.7 -7.7 -6.5 -6.2 
Cold 119 3x3 -i·§. - ··6.0 -5.4 - -6.5 114 9F1/2 -5.9 -
-i·§.. -5.7 - -5.0 room 102 3x3 -5.9 -6.4 -6.4 ·-6.3 -5.3 -6.6 
103 9M -5.4-' -6.4 
-1·£ -5.0 -5.7 -4.8 
102 9M -6.9 -5.9 ··7.3 -6.0 -~.i -6.2 
Mk3 105 3x3 -5.9 -5.4 -7.0 -5.2 -i.Q -5.2 
SRU 114 9F1/2 -5.9 -5.5 -5.8 -5.1 -.4..§.. -4.9 
114 9F1 -6.9 -7.1 -7.4 -6.5 -i.Q. -6.1 
. , 
All units QC; minimum value; maximum value. 
TABLE 10.3 POINT MEAN TEMPERATURES RECORDED AT THE 
-TOP OF THE SPECIMENS 
Plan Position 
Unit' Ma teri a 1 a b c d e f 9 
Cold' 
room 
MK3 
SRU 
. 
. 
WH1N2M 94 - 85 105 82 75 94 
00L2 M . 77 
- 73 89 85 }§ 79 
102 M . 75 76 71 82 73 65 70 
119 C 65 - 66 7T 75 61 - 70 
114 F1/2 60 - 55 62 - 57 62 
---
105 M 65 64 64 61 59 60 64 
00L2 M 72 67 79 62 67 70 64 
119 C 65 - 66 7T 75 60 70 
114 F1 62 . 61 61 55 58 '61 59 
- --
minimum value; maximum value. 
TABLE 10.4 TEMPERATURE GRADIENTS IN THE SPECIMENS 
AT THE END OF THE TEST 
h 
'- 88 
63 
70 
.71 
62 
63 
68 
71 
61 
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9 h k 
-6.6 -6.6 -6.7 
-5.9 -6.1 -7.6 
-6.1 -5.8 :6.2 
-6.5 -6.3 -
-6.2 ·-6.3 :.7.5 
-6.8 -6.7 -6.8 
-7.2 -5.4 -6.7 
-6.2 -5.0 .:.§.!~ 
-6.7 -6.4 -7.5 
Mean s k -
, . 
-
89 10 
-
78 8 
74 73 5, 
- 67 6' 
. 71 61 5 
66 63 2 
09" 69 5 
- , 67 6 
-
59 4 
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-
Sieve Size (mm) 
Cut t 060 D30 OlD C Grading Naterial 20 10 z 5 0.6 0.3 0.063 
. 
, , 
102 76.0 48.5 31.0 11.0 5.5 1.5 14.0 4.7 .54 25.9 2.95 
103 69.0 41.5 26.0 8.0 4.0 1.0 16.4 6.2 .81. 20.2 ,2.89 
106 71.0 47.5 31.5 11.5 7.0 1.5 14.9 4.6 .43 35.1 3.34 
C 105 68.5 46.0 25.5 9.0 5.0 1.0 16.2 6.3 .69 23.5 3.55 
119 67.0 44.0 25.5 ' 9.5 5.5 2.0' 16.8 6.9 .• 66 25.5 4.29 
105b 74.5 53.0 28.0 9.5 6.0 1.5 13.3 5.5 .64 20.8 ' 3.55 
WH1N2 73.5 49.0 33.0 5.0 4.0 2.5 14.0 6.5 '~81 f7.3 3.73 
102 84.0 61.0 40.5 17.0 7.5 1.5 9.7 2.8 .37 26.3 2.18 
~ 103 77.0 55.5 35.5 14.5 6.0 0.5 11.6 3.3 .40 29.0 ' 2.42 
106 78.0 57.0 38.5 16.5 9.0 2.0 11.1 3.1 .35 31-.7 '. 2.47 
M 105 80.0 60.5 38.5 15.0 8.5 1.5, 10.0 ' 2.0 .36' 27.8 1.09 
119 ·79.5 55.5 37.0 15.5 9.0 2.5 12.5 2.6 .34 36.8 1.59 
105b' 82.0 59.5 38.0 16.0 ' 12.0 4.0 . 10.2 1.8 ~23,44.3 1.79 
WH1N2 80.0 f,9.0 40.0 10.0 7.5 4.5 10.4 3.2 .56 18.6 1.76 
00L2 85.5 60.5 42.5 . 17.5 13.0 9.0 9.9 2.2 .11 90.0 4.44 
102 89.0 72.5 48.5 23.5 9.5 2.0 7.1 1.5 .31 22.9 ' 1.02 
103 ' 86.5 69.0 45'.0 20.0 8.5 1.0 7.9 1.7 .33 23.9 1.07 
Fl 106 86.5 71.0 47.5 22.0 12.5 2.0 ,7.0 2.1 .25 28.0 2.,52 105 86.0 71.0 44.0 22.0 12.0 1.5 8.1 1.2 .25 32.4 0.71 
119 84.5 67.0 46.0 22.0 13.0 3.0 8,.5 1.6 .22 38.6 1.37 
114 87.5 68.0 47.5 25.0 20.0 2.0 7.7 1.0 .21 '36.7 0.62 
105b 87.0 ' 69.5 43.5 22.5 17.0 7.5 ' 8.4 1.1 .11 76.4 1.31 
WH1N2 89.0 69.5 45.5 15.5 12.0' 7.5 7.9 1.3 .15 52.7' 1.43 
Fl/2 114 100.0 86.0 68.0 37.0 28.5 1.'5 3.2 .33 .19 16.8 0.18 
F2 ·114 100.0 100.0 85.5 47.0 30.0 1.5 1.1 .30 .n 6.5, 0.48 
. , 
, 2 
tCu = coefficient of uniformity = ~; Cz = Coefficierlt of curvature = (030 ) 
010 ' D~oDIO 
TABLE 10.5 FINAL MEAN GRADING OF THE'FROST HEAVE SPECIMENS 
DD MC PVS PRW 
" , 
Mean s Mean s Mean s Mean 
Material 
_3 (Mgm ) . (%) (%) (%) 
C 2.03 .011 6.9 0.38 82.5 0.5 5.9 
102, M 2.09 .011 7.3 0.33 85.3 0.5 6.7 
F1 2.13 .005 7.6 0.40 86.9' 0.2 7.6 
C 2.04 .026 5.4 0.16 83.3 1.1 5.5 
103 M 2.10 .012 6.8 ' 0.55 85.4 0.5 8.6 
F1 2.13 ~ 01 0 6.7.0.10 86.6 0.4 8.5 
~ 
C ·1 .98 .040 7.0' 0.35 80.2 1.6 5.9 
106 M 2.09 .010 7.6 d.23 . 84.6 0.4 7.7 
F1 2.15 .009 7.7 0.31 86.7 0.4 8.1 
C 1.93 ':210 ", 5.5 0.53 74.8 8.0 7.5 
1 05 M 2 .13 .007 6.6 0.26 82.6 0.3 10.7 
F1 2.10 .016 6.8 0.62 81.4 0.6 11.0 
C 2.02 .030 5.3 0'.44 79.2 1.2 6.5 
1.19 M 2.16 .007 5.2 0.30 84.4 0.3 6.8 
F1 2.18 .004 5.4 0.1'2 85.2 0.2 7.2 
.. 
WH1N C 2.15 , .020 6.4 0.46 82.4 0.80 7.5 
2 M 2.19 .020 7.3 0.40 84.2 0.80 10.0. F1 2.24 .030 7.8 0.56' 86.2 1.20 11. 7 
00L2 M J 1.99 ~020 7..6 0.73 80.9 0.80 6.6 
Woodhall Fl 2.12 .008 7.2 0.27 86.5 0.3 8.0 
Spa F1/2 '2.02 .006 ·8.7 0.32 81.5 0.2 11.7 F2 1.94 .008 9.5 0.41 77 .3 0.3 13.9 
SF 4/80 1.99 .02 9.2 0.60 . 75.1 0.8 18.3 
TABLE 10.6 DENSITIES AND MOISTURE CONTENTS'OF THE 
FROST HEAVE SPECIMENS 
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"PRA 
s Mean 
(%) 
0'.8 11.6 
0.7 8.0 
0.9 5.5 
0.3 11.2 
1.1 6.0 
0.2 4.9 
0.7 13.9 
0.5 7.7 
0.6 ,5.2 
1.2 17.7 
0.5 6.7 
1.2 7.6 
0.9 14.3 
0.6 8.8 
0.3 7.6 
0.9 10.1 
1.0 ; 5.8 
1.1 2.1 
1.1 12.5 
0.5: 5.5 
0.6" 6.8 
0.8 8.8 
1.1 6.6 
-r-
Unit 
Mk3 SRU 
TRRL SRU 
Cold room 
--
(a) 4- '.1. (b) I 
Material MC DD fia OMC MOD fib ha-hb (%) (Mgm-3) (mm) (%) (~1gm-3) 
Ashton Keynes 102M 7.9 2.15 17 7.3 2.11 
Spencers Farm 103M 6.7 2.17 9 6.6 2.14 
Stanley Ferry 106M 7.0 2.23 29 7.5 2.12 
Croft 105M 5.5 2.26 20 6.9 2.15 
• SFT/BO 9.0 2.02 22.9 9.0* 1.B9* 
SF4/80 9.0 1.B9 13.5 9.0* 2.02* 
*Not MOD and OMC 
tSources (a) aggregates - Table 5.1; SF - Table 10.B 
(b) aggregates Table 5.7 and Appx. 4f 
SF - Appx. 4f and Table B.2 
(mm) 
15.6 
6.5 
7.5 
2.6 
17.3 
22.9 
TABLE 10.7 EFFECT OF DENSITY ON THE HEAVE OF VARIOUS MATERIALS 
TRRL Nottingham Univ. 
Mould T Mould 0 Mould E 
Material n s n s fi s F (mm) (mm) (mm) (mm) . (mm) (mm) 
Spencers Farm 103M 
- - 7.1 0.B6 7.6 1.31 2.32 
SFT/BO* 21.B 1.5 - - 24.0 0.80 3.52 
SF4/BO* 12.9 1.5 14.1 1.B9 - - 1.59 
(mm) 
1.4 
2.5 
21.5 
17.4 
5.6 
-9.6 
T 
0.64 
2.59 
0.99 
*For dens1ty and moisture content see Table 10.7 
TABLE 10.B INFLUENCE OF MOULDS ON HEAVE 
-. 
Tests:- 9 specimens of Dene 119 C. 
Scanning:- 120 minute intervals, slow speed. 
Analysis:- T and F aner 96 hours. 
!al CQld room. 
cP-
'
? 1 
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'" I ~ -4 ~ \ ~~ I ~ 
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FIG. 10.1 LONG TERM TEMPERATURE FLUCTUATIONS IN THE COLD ROOM ANn Mk3 SRU 
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T~st:- 9 spf:'cimens of Woodholl Spa 11i. F1I2. 
Scanning:- 2 minute interval. fast speed. 
Analysis:- T and F whole test. 
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FIG. 10.2 SHORT'TERM TEMPERATURE FLUCTUATIONS'IN THE 
COLD ROOM AND Mk3'SRU 
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CHAPTER 11 
A BASIS FOR THE DIFFERENT FROST SUSCEPTIBILITIES 
OF GRANULAR MATERIALS 
11.1 Introduction 
, In this chapter an assessment is made of alternative methods 
of indirectly.assessing the frost-susceptibility of granular materials. 
From the review of the various tests which have ~een proposed 
(Chapter 3), methods based on pore size and unsaturated permeability 
appeared to be the most likely to correctly predict the frost 
susceptibility of granular materials. 
Hurt (1976) found that the relative heave of four different 
limestones was correctly predicted by pF 70 (the rock suction at 
70% saturation)~' . This suction was thought to correspond to a 
critical pore size (rp)' The greater pF ?O, the smaller r~ and the 
greater the heave. The concept that heave is controlled by a 
critical pore size is consistent with the capillary model of 
frost heave (Section 2.9). 
Indirect tests based on unsaturated permeability address 
themselves directly to the parameter which in the more recent 
models of frost heave (Sections 2.10 and 2.11) is critical in 
controlling heave. ,The determination of unsaturated permeability 
is, however," an expensive and complex task. The possibility of 
estimating unsaturated permeability from the aggregate suction 
characteristic was therefore investigated. 
11.2 An Assessment of pF 70 as a Criterion for Predicting 
Frost Susceptibility 
The overall mean heaves at 250 hours of the two M graded 
crushed limestones, DOL 2 and Dene 119, and the two igneous rocks, 
WHIN 2 and Croft 105, (Appendix 4f) were compared with their 
corresponding pF70 values (Fig.5.20). Although pF 70 correctly 
ranked the relative heave of the two rocks of each geological. 
type (Fig. 11.1), the results, particularly for the igneous rocks, 
" 
. , 
were not ,consistent with those obtained by Hurt (1976). For the 
crushed limestones the heave obtained in this research was less 
than a third of the valuepredicted by Hurt. For example, 
Dene 119 M heaved 6.6 mm overall compared with a predicted value 
of about 30 mm. 
In both set~ of research the frost heave specimens were 
prepared, in general, at their optimum moisture content and 
maximum dry density using a vibrating hammer technique. The 
minor differences in the osmotic and heaving test procedures 
would be unlikely to account f~r the large discrepancy between 
the two se~s of results. 
Hurt tentatively concluded that a pF 70 value greater than 
2.5 would indicate possible frost susceptibility. Whilst this 
may be so, Dene and Croft (pF > 2.5) were clearly non-frost 
susceptible. The criterion does not, therefore,give a very 
reliable indication of frost susceptibility for a wide variety 
of granular materials. 
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11.3 An Indirect Assessment of Unsaturated Permeability 
Direct measurements of the permeability of frozen soils under 
isothermal no load conditions have been reported by Burt and 
Williams (19.76). Typically the permeability decreased with 
temperature from its saturated value following a curve of similar 
shape to the soil freezing characteristic. This similarity 
may be expected since both unfrozen water content and hydraulic 
conductivity are related to pore size and the,volume of pores 
containing water (though permeability also depends on tortuosity). 
The dependence of permeability on water content is further 
illustrated by the marked hysteresis of the permeability versus 
temperature curve. As may be expected (Section 2.4) the permeability 
at a given temperature is much higher when the soil is bein~ cooled 
than when it is bein'g thawed (Horiguchi and 'Miller 1980, Burt 1974). 
The soil freezing characteristic and the soil suction 
characteristic are directly related (Section 2.7). It follows, 
therefore, that the soil suction characteristic will also have a 
similar form to the permeability/temperature curve.' 
Burt (1974) compared the permeability/temperature curve and 
the soil suction characteristic for a clay and a silt. He noted 
that the curves were "remarkably similar" but, because the 
saturated moisture content of the soils differed, the actual 
'rel a tionship between moi sture content and permeabil i ty was di fferent 
for each material. However, for soils which have a fairly narrow 
range of saturated moisture contents, and thus permeabilities. 
the moisture content at a given suction may give an indirect 
measure of the unsaturated permeability. 
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In a freezing soil the permeability varies within the frozen 
fringe, however, the frin~e will have an overall effective' 
permeability which may be reflected in the volumetric moisture 
content at a particular suction (a). If this is so the heave' pF 
of different materials will be dependent on apF • In fact, heave 
may be ranked by 8pF with the highest heave occurring for the 
greatest 8PF value. 
. , 
.. 
11.4 The Relationship between Volumetric Moisture Content and Heave 
The degree of saturation (Sr) at a given suction (Appendix 1 d ) 
was converted' into the volumetric moisture content (0pF ) using the 
equation:-
a = , (1 - DD/G).S pF s r 11. 1 . 
where DD = dry density of the specimen/Mgm-3 
G
s
= specific gravity of the graded aggregate (Table 5.7) 
The aggregate suction specimens were prepared in the same way 
as the frost heave specimens. Therefore, the achieved frost heave 
specimen densities (Table 10'.6) were used for DD. The results are 
given in Appendix 7a. 
Inspection of the a-potential curves (Fig.'11.2) reveals' 
that e in' the range 1.8 < pF < ·2.6 correctly ranks nearly all the 
materials in the order of their heaves. As expected,the greatest 
volume of moisture is retained by the material with the highest 
heave, the least volume by the material with the lowest heave and 
so on. Since osmotic suction tests had been undertaken at pF 2.2 
and pF 2.75 the position of the c~rves was well defined in this . 
region. The volumetric moisture content at pF 2.5 (02.5) was 
therefore adopted as the parameter against which to compare the 
heave at 250 hours (Fig. 11.3). 
In earlier work, Hurt (1976) measured the aggregate suction 
characteristics and the heaves of four type 1 limestones at the 
M and F1 gradings. Similar data were obtained for WHIN 2 M and 
SF 4/60 by Thompson (1981). From these data it was possible to 
calculate 02.5' although for the dry density ~eq~. 11.1) the 
target maximum dry density rather than the achieved specimen values 
had to be used (Appendix 7b). (A sensitivity analysis revealed 
that this approximation would yield an error in O2.Sof less than ~' 
1%). These results are also included on Fig. 11.3. 
Despite the variety of material types and the wide range of 
frost heave values (0 to 53 mm) all but two 1 imestones which were 
tested by Hurt (1976), closely follow the same trend showing a linear 
relationship between heave and 02.5' In view of the differences 
in the hydraulic and thermal properties of SF specimens it is 
remarkable that they also conformed to the observed behaviour. 
The two results which showed the largest discrepancy from the 
others were for a very porous ~ = 26.7%) microce11ulitic 
limestone at the M and Fl gradings. To minimise degradation, 
frost heave specimens of this very weak aggregate (ten percent 
fines value = 40 kN) were compacted using a vibrating table rather 
than a vibrating hammer. The volume of moistur~ at the optimum (22.7%), 
also determined using the same technique, was in fact less than the 
value of 23.6% at pF 2.5. {Hurt immersed his specimens in water 
for 24 hours before beginning the suction tests}. For this material, 
therefore, the permeability in the unfrozen zone rather than the, 
2B2 
frozen fringe may be limiting heave. The other two results for a 
dolomitic limestone DOL, which lie only slightly away from the 
general trend, may also be due to differences in the heave and 
osmotic suction test procedures, though no specific source of the 
discrepancy could be isolated. 
Initially, neglecting both the MIC and DOL results, a highly 
signi~icant correlation (at less than the 0.2% level) was found 
between 02.5 and h250• The regression line ~250 on 02.5 was given 
by:-
n250 = 3.03.02.5 - 11.6 mm 11.2 
Even with the DOL values included the correlation was 
significant at less than the 0.2% level and the regression line 
was very similar (Appendix 7c). 
11.5-, Limits to the Observed Relationship 
Equation 11.2 predicts zero heave at 02.5 = 3.8% which on 
physical grounds is unlikely since even at low moisture contents 
some water will probably flow through the frozen fringe albeit 
rather slowly. Equation 11.2 is therefore unlikely to be valid 
at very low 02.5 values • 
. The saturated· permeabil Hies of the aggregates investigated 
both by the author and by Hurt lie in the range 8.8 x 10-7 to 
4.6 x 10-5 ms- l • The permeability test specimens were prepared in an 
identical manner to the frost heave specimens. The results of. 
Thompson (1981) were outside this range possibly because he used 
a different, static, compaction process to prepare the permeability 
test specimens. 
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Gorle (1980) published the soil suction characteristic and 
heave results for a range of four sands and a silt (aradinQs shown w _ 
in the inset to Fig. 11.4). The heave was measured in the CRREL 
test apparatus under an overburden of 3.4 kPa although a multi-ring 
device was incorporated to reduce side wall friction.· 
Constant boundary temperatures of -1.2°C and +2.0°C were applied 
and the results expressed as the heave ratio (and ratio of the 
24 hour heave to the depth of frost penetration). The variation 
in heave ratio with 02.5 (Fig. 11.4) shows a very similar trend 
to that of Fig. 11.3. The saturated permeabilities were in the 
range 3 x 10-7 to 1 x 10-4 ms- 1• 
The results reported by Thompson (1981) for a silt and two 
clays (compacted in both permeability and heave tests using the 
static technique) "did not follow the trend of Fig. 11.3. These 
materials had saturated permeabilities in the range 10-8 to 10-9 ms- 1; 
outside the ranges reported above. 
The indications are that for granular materials, not necessarily 
tested in the TRRL apparatus, heave is correlated with 02.5 provided 
the saturated permeabil ities are ~reater than 3 x" 10-7 ms-'. -
11.6 A Theoretical Investigation of the Dependence of Heave on 02.5 
11.6.1 The Analytical Approach 
Despite attempts to develop apparatus for direct measurement of 
4nsaturated permeability (Thompson 1981), experimental difficulties 
prevented reliable results from being obtained. It was, therefore, 
not possible to directly compare measured suction-permeability and 
aggregate characteristic curves. Further investigation was 
therefore directed towards" ascer~aining wh~ther pF 2.5 was a suction 
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at which moisture content was likely to reflect the permeability of 
the frozen fringe in TRRL test specimens. The model proposed by 
Konrad and Morgenstern (1980) was adopted for the investigation as 
it has been formulated specifically for open system freezing with a 
low overburden (Section 2.11). By considering the continuity of flow 
in the unfrozen zone and frozen fringe two equations linking 
unsaturated permeability and suction were derived. ' From indirect 
estimates of the suction-permeability relationshjp, and measurements 
made during the heaving tests, it was possible to determine the 
suctions in the frozen fringe. 
11.6.2 The Equations for Continuity of Flow 
The model of Konrad and Morgenstern (1980) is applicable at 
the onset of terminal lens formation. Within the unfrozen zone 
continuity of flow may be expressed by Darcy' s 1 aw Which can be 
rearranged to give:-
11 .3 
where v = velocity of water flow/ms- 1 
U = suction at the freezing front/cm 
o 
z = thickness of the unfrozen zone/cm 
u 
K = overall permeability of the unfrozen zone/ms-1 
u 
From Darcy's law and geometrical considerations th~ equation 
for continuity of flow in the frozen fringe is given (eqn. 2.34) 
.. 
by:-
u - U 
v = KfC 51 0) grad T = -SPo. grad T • 10-3 11.4 
5 
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where ~f = overall permeability of the frozen fringe!ms- 1 
U = suction at the lensing front/cm 
s 
grad T = temperature gradient in the fringe/cC cm- 1 
SP = segregation freezing potential/mms-1 oC-1 
o 
The Clausius-Clapeyron equation w~th the ice pressure equal 
to zero is assumed to hold at the lensing front. T can 
s 
therefore be expressed in terms of Us (eqn. 2.12) in equation 11.4, 
which rearranged yields:- .. > .~ 
~ _ 8. Ot. 1 0 - 5 • v ( Us 
f - grad T· U U) 
s 0 
11.5 
Substituting the values for Z and v at the onset of terminal' 
.U 
lens formatirin into equation 11.3 yields a single equation in two 
unknowns ~ and U·. The relationship between suction and 
U 0 
permeability, however, can be used to provide a second relationship 
between ku and Uo thus enabl in9 the two values to be defined. 
Having determined Uo equation 11.5 has the two unknowns kf and Us' 
These can be determined using a similar procedure. 
11.6.3 The Estimates of Unsaturated Permeability 
It is possible to estimate the unsaturated permeability of 
soils knowing their saturated permeabilities and suction 
characteri~tics. Thompson (1981) used the method of Kunze et al 
(1968) to estimate the relationship between suction (pr) and 
. 
unsaturated permeability for WHIN 2 t1 and Dene 119 t1. The 
suction characteristics were similar to those obtained in this 
research, but the saturated permeabilities, because of the different 
compaction techniqu~ (Section 11.5), were not. The suction-
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permeability curves were therefore matched at the saturated 
permeability values obtained in this research (Fig. 11.5). 
It can be seen that, unlike measured curves (Burt 1974) the 
suction-permeabil ity curves do not strongly refl ect the shape of the 
aggregate suction characteristic. Indeed, the method of 
calculation is unable to predict a constant value of unsaturated 
permeability when the degree of saturation does not chan0e. 
Nevertheless~ the curves are sufficiently accurate for the 
following approximate calculations. 
11.6.4 The Conditions at'the Onset of Terminal Lens Formation 
The results from the internally monitored specimens (S~ction 10~2.3) 
indicate that in the Mk 3 SRU the.terminal lens begins to'form 
between 20 and 40 hours after the start of the freezing period. 
After this time the position of the zero isotherm remained steady 
The unfrozen depths measured at the end of the test therefore gave 
a reasonable estimate of Z • 
u 
The temperature gradient in the frozen zone and the upper 
part of the unfrozen zone (thus in the frozen fringe) remained 
almost linear and of constant magnitude after the first few hours 
freezing. The values of grad T calculated from measurements at 
the end of the test in the Mk 3 SRU (Table 10A) were therefore 
adopted as plausible values at the onset of terminal lens formation. 
, Assuming as did Konrad and ~1orgenster.n, that the heave of· 
specimens is entirely due to water uptake and its conversion to 
ice lenses the velocity of flow is related to the heave rate by 
the equation:-
v = ~ dh/dt 11.6 
where dh/dt ~ heave rate/ms- 1• 
The flow vel oci ty after 20 to 40 hours freezin,g can therefore 
be estimated from the heave time curves. 
Although equation 11.6 could not be validated by direct 
measurement of flow, from the weighings made before and after 
testing it was possible to determine the total m9isture taken up 
by the specimens during the tests. 
After taking account of the moisture transfer which would 
take place between the water bath and the unfrozen zone even if 
no heave was occurring (capillary rise measurements, Appendix 1d) 
there was reasonable agreement between the 250 hour mean heave 
and the water taken up by the specimens (Fig. 11.6). It was, 
therefore, appropriate to assume that heave and water uptake 
were reasonably well matched throughout the test and therefore 
that equation 11.6 is valid. 
The temperature gradients (grad T), unfrozen depths (Z ) 
u 
and calculated velocities (v) for WHIN 2 M and Dene 119 M are-
given in Table 11.1. 
11.6.5 The Suction in the Frozen Fringe 
The unsaturated permeability at any point in the unfrozen 
zone or frozen fringe ,depends on the suction. This varies within 
each zone. Initially, therefore; the overall permeabilities K 
u 
and K
f 
were taken to be the unsaturated permeabilities at the mean 
suctions w~~hin each zone; U /2 and (U - U )/2 respectively. 
\ 0 0 S 
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An iterative process was used to determine the U and K 
o u 
values from Fig. 11.5 which solved the continuity of flow 
equation for the unfrozen zone (eqn. 11.5). Havin~ defined "0' 
a si~i1ar procedure was adopted to define Us and kf • Asamp1e 
calculation is given in Appendix 7d and the results in table 11.2 
The U and U values were pF 1.5 and pF 3.0 for WHIN 2 and 
o s 
pF 1.6 and pF 2.9 for Dene 119 M. The indications are, 
therefore, that pF 2.5 is a suction which will occur in the frozen 
fringe. Infact, the complete range of suctions (1.8 < pF < 2.6), 
for which e correctly ranked the heave of materials tested in pF 
this research,will occur in the frozen fringe. 
In calculating U and U 'it was assumed that th~ overall 
o s 
permeabilities were characterised by the unsaturated permeability', 
at the mean suction in each region. A sensitivity analysis 
revealed that if the overall permeabilities were characterised 
by the unsaturated permeabilities at any suction up to the 
maximum values in each zone, th~ minimum U and U 'values would 
o s 
be pF 1.1 and pF 2.7 for WHIN 2. A similar analysis indicated 
that an error in the estimated unsaturated permeability of one 
magnitude would give a minimum value of U = pF 2.3. Suctions in 
; . ' S , 
the range 1.8 < pF < 2.3 for which e correctly ranked heave pF 
would, therefore, still be within the frozen fringe. 
11.7 A Review of Other Results 
In their soil column Ingerso11 and Berg (1980) measured a 
value of pF 2.8 just behind the freezing front. Similarly 
Fukuda et al. (1980) have reported maximum suctions in the 
vicinity of the freezing front of pF 2.9 to 3.05. Garand and 
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Ladanyi (1982) indicated that U for a saturated sandy silt, 
o 
frozen in an open system, under a small overburden (5 kPa) was 
about pF 1.0 at temperature gradients typical of those in the 
TRRL test. The values calculated above accord well with these 
results. 
For a silt Konrad and Morgenstern (1980, 1981)'calculated 
a ~f value between 4.9 and 11.6 x~~0-12 and a lensing front 
temperature between 0.04 and 0.16°C. The value calculated by 
Fukuda and Luthin was.0.05°C. The values given in table 11.2 
are in good agreement with these results. 
For the temperature gradients in the TRRL test specimens the 
calculated frozen fringe thickness of 1 mm is so small 'that it ~ 
would not be detected by the post freezing inspection of specimens.-
Nevertheless, the ·dependence of heave on 02.5 provides strong 
indirect evidence that such a fringe does exist. 
11.8 An Assessment of 02.5 for Indirectly Determining 
Frost Susceptibility 
Currently material is classified as non-frost susceptible 
in England and Wales if the mean heave in the 250 hour TRRL 
freezing test is less than 13 mm (D.Tp. 1976). This value 
corresponds (eqn. 11~2) to 02.5 = 8.1%. A suitable practical 
criterion based on 02.5 would therefore be that:-
'material with a saturated permeability greater than 3 x 10-7 ms- 1 
. 
and a ° value less than 8% is non-frost susceptible' 2.5 
All the materials included in the foregoing analysis conformed 
to this criterion though one material, Stanley Ferry 106 M, with a 
° value over 8% was classified in the TRRL test as non-frost 2.5 
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susceptible. Clearly more testin~, particularly of marginally 
susceptible materials, is necessary to fully assess the 
limitations of such a rigid criterion. Nevertheless, 02.5 
shows considerable promise as an indirect measure of frost-. 
susceptibility. 
The aggregate suction test also has a number of advantages 
over a 96 hour TRRL test, even though the duration is similar. 
(a) The number of specimens that can be teste? iry a single batch 
of PEG 6000 solution is limited only by the number of cells 
available and the size of the tank of solution. 
(b) Only a small sample of material is actually tested « 500 g) •. 
(c) The results seem to be much less variable, typically ± 5% in 
0pF ' compared with about 25% (at a heave of·13 mm) in the TRRL test. 
Set against these advantages is the increased complexity of 
specimen preparation and the need to measure the specific gravity 
! 
of the materials in order to calculate 0pF (eqn. 11 .. " •.. The 
limitations in the range of saturated permeabilities for which 
the method is applicable should not be a problem with sub-base 
ma teria 1 s. 
The test may be particularly useful in well equipped 
contractors' (and research) laboratories to enable a rapid 
assessment of the frost susceptibility of a large number of 
proposed sub-base materials. 
Material 
WHl N 2 M 
Dene 119 M 
dh/ 
dt 
-1 (mm day ) 
6 
2 
7.6 
2.5 
0.74 
0.65 
TABLE 11.1 CONDITIONS'AT'THE ONSET'OF'TERMINAL'LENS FORMATION 
Naterial Uo 
(pF) , 
Us 
(pF) 
WH1N 2 M 1.5 ' 3.0 
Dene 119 M 1.6 2.9 
ku X 10-9 
-1 (ms ) 
19 
5.6 
kf X 10-
12 Ts d 
(ms· I ) (OC) (mm) 
B.B" 0.07 0.9 
3.3 0.07 1.0 
TABLE 11.2 THE'CONDITIONS WITHIN THEFREEZING'SPECIMENS 
(cm) 
7.B 
7.2 
SPo X 10. 5 
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I 
(mms· 1 °C· 1) 
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CHAPTER 12 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
12.1 Conclusions 
12.1.1 The Preparation of TRRLTest Specimens 
Ca) Great care should be exercised when using mechanical mixers to 
prepare frost heave specimens as they can cause severe 
degradation due to attrition. This'can lead't6 an increase in 
,heave. 
Cb) Static compaction, even when prece'ded by vibration, causes 
excessive degradation of specimens prepared at their maximum 
dry density and optimum moisture content. The degradation 
caused by vibrating hammer compaction was due to particle 
crushing rather than attrition and was comparable with' that 
occur:ring when aggregate is compacted on site. 
Cc) The small differences in the grading of similar specimens 
prepared using the graded grains technique was less than that 
which would be expected using standard quartering and riffling 
techniques. 
12.1.2 The Temperature Regime in SRU's 
(a) Although several thousand temperature measurements may be taken 
. th'roughout a test these can be reduced to just three pa rameters 
which describe the temperatur~ at each level:-
The overall mean level temperature - T 
The level temperature - V 
The level tempe ra tu re fluctuation - F 
?9fi 
It is intended that a simplified version of this approach will 
be adopted in a future testing specification. 
(b) The temperature fluctuations at the boundaries of frost 
heave specimens are dominated by those emanating from the 
water bath. These fluctuations can be reduced by improving 
the circulatiori of water within testing units. An· 
independent water cooler is unnecessary, at least for typical 
ambient British temperatures, in order to obtain good 
temperature control and a short pull down time. 
(c) Because the measured thermal conductivity of the concrete 
specimens was within the range covered by the aggregates the 
cold side temperatures were similar. Sand-limestone filler 
specimens had much higher cold side temperatures and a lower 
rate of zero isotherm penetration and temperature gradient. 
From thermal and practical considerations, concrete specimens 
are preferable to sand-limestone fillers for calibrating units 
in which sub-base aggregates will be tested. 
12.1.3 Sources of the Variability of Heave 
(a) When correctly tuned the Mk 3 SRU can produce heaves which, 
for a wide variety of materials, are not significantly different 
from those obtained in the·cold room, at least up to a heave of 
18 mm. Above 18 mm" the heave in the cold room was less, 
probably because of the fluctuations in bounda~y temperature 
caused by the defrost period. 
(b) The fJuctuations of temperature at the surface of specimens were 
much less in the Mk 3 SRU than in the prototype unit. The 
variability of heave in the two units was, however, similar. 
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A systematic difference in the cold side temperature imposed on 
specimens in the Mk 3 5RU did not cause a corresponding 
systematic variation in heave. 
For a given test differences in the temperatures imposed on the 
specimens are not the primary source of heave variability. 
(c) Limited evidence suggests that, for the materials and specimen 
manufacturing procedures, adopted in this research, heave is 
influenced primarily by the overall densi,ty of the specimens 
and the nature and disposition of the particles in the vicinity 
of the zero isotherm. 
12.1;4 Shortening the TRRL Test 
(a) Tests in both the cold room and Mk 3 SRU on a wide variety of 
materials, revealed a strong linear relationship between the 
heaves obtained after 96 and 250 hours. For both units a 
heave of 13 mm after 250 hours corresponded to a 96 hour heave 
of 8 mm." 
(b) A technique was developed for determining a parameter which was 
termed the range repeatability •. This is the value below which 
the absolute difference between two single results taken from 
a larger sample may be expected to lie with a probability of 
0.95. For both the cold room and Mk 3 SRU the range repeatability 
of a sample of three'specimens was 5.7 mm at a mean heave of 
13 mm and 4.3-mm at a mean heave of 8 mm. 
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12.1.5 Predicting the Frost Susceptibility of Granular Materials 
(a) Improvements to the method of preparing aggregate slices enabled 
aggregate suction characteristics to be determined for a wide 
variety of material types and gradings. A strong linear 
relationship was found between the total volumetric moisture 
content at pF 2.5 (9 2 • 5 ) and heave in the TRRL test. Subbase 
aggregate with a 92 •5 value less than 9% is unlikely to be 
classified as frost susceptible. 
(b) Analyses, using the segregation potential approach, suggested 
that pF 2.5 was close to the average potential in the frozen 
fringe. 92. 5 may therefore reflect the permeability of the 
fringe. 
12.2 Suggestions'for Further Work 
(a) The probe method of determining the thermal conductivity of 
aggregates requires further development. A number of 
modifications which would improve the apparatus have been 
suggested (Section 5.5.6). Stable specimens of known thermal 
conductivity should be manufactured in order to validate the 
results. 
(b) Further comparative trials on a wide variety of material types 
are required to ascertain whether it is necessary to cure frost 
heave s~ecimens for 120 rather than 24 hours. There is still 
scope for further alterations to t~e TRRL test procedure which 
may improve the repeatability of the test (Section 10.10). 
(c) More information is required on the performance of materials 
during severe winters in roads built to modern desi9n standards. 
This data should be used to check existing frost susceptibility 
criteria, or, provide a basis for new criteria. 
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(d) To further investigate the relationship between 62 . 5 and heave, 
apparatus to determine unsaturated permeability, preferably in 
frozen rather than desaturated aggregates, must be developed. 
The analysis in Chapter 11 suggests that permeabilities in the 
temperature range < O.l°e are most important, at least for the 
materials and test conditions used in this research. Very good 
temperature control would therefore be necessary. 
Developing suitable apparatus would be ach~11enging but 
,worthwhile research project~ 
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APPENDIX 1 
Address of O. S. 1: 50,000 Approximate 
Material Quarry/Pit Map Number Reference 
Ashton Keynes 47 London Road. 163 050940 
102 Stroud. Glos. 
Croft Croft Quarry. 140 513963 
103 Croft. Leicester. 
Spencers Farm Spencers Farm Pit. 175 895927 
106 Cookham Road. 
Maidenhead, Berks. 
Stan1ey Ferry Stan1ey Ferry Pit. 110 360225 
105 Nr. Wakefield. 
Yorkshire. 
Woodha 11 . Spa Kirkby lane Pit, 122 210568 
114 Tattershal1. 
Dene Dene Qua rry, 119 287562 
119 Cromford, 
Derbyshire. 
limestone Middle Peak Quarry, 119 280550. 
Filler Wirksworth, 
Derbyshire. 
Standard A. l. Curtis (ONX) Ltd., 
Sand 'Huntingdon Road. . 
600-300~m lolworth, Cambridge. 
APPENDIX 1a . LIST OF SUPPLIERS AND LOCATION OF PITS AND QUARRIES 
Croft 105 WH1N2 00L2 
Test pF MC S MC S MC S r r . ,r . 
Method Av. Sd. Av. Sd. Av. Sd. Av. Sd. Av. Sd. Av. Sd. 
1.34 0.92 100 1.85 0.84 100 4.17 1.45 ; 100 
OSlIYJtic. 3.68 1.13 0.81 85.4 6.02 1.77 0.76 . 96.4 3.10 4.48 1.40 3.90 1.05 0.70 80.7 8.27 . 1.73 0.69 95.4 7.87 3.67 1.19 Suction 4.54 1.00 0.62 76.3 10.81 1.84 0.60 90.7 12.70 1.79 0.57 
1.37 0.95 100 1.84 0.88 100 5.02 1.43 
, !<:, 4.75 0.76 0.29 61.512.12 1.42 0.60 81. 5 19.65 0.51 0.24 
Vapour 5.37 0.72 0.26 58.711.99 1.38 0.59 79.2 20.52 0.41 0.19 6.05 0.49 0.13 42.1 12.10 1.00 0.45 59.7 21.85 0.20 0.09 Pressure 6.31 0.31 0.08 27.3 9.71 0.66 0.33 44.1 15.03 0.11 0.05 
6.58 0.22 0.03 13.2 9.22 0.26 0.09 17.2 8.22 0.01 0.03 
figures in italics are saturation moisture contents. 
APPENDIX 1 b PERCENTAGE MOISTURE CONTENT AND SATURATION· 
OF THE POCK SLABS 
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APPENDIX 1c VARIATION OF MOISTURE CONTENT WITH HEIGHT 
IN CAPILLARY RISE/FALL. TESTS 
WHIN 2 M 
8 o 4 8 
i 
... 
SF 4/80 
16 0 4 
'-,-
" 
.; '\.-
Ashton Keynes Spencers Farm Stan1ey Ferry 
pF 102 M 103 M 106 M 
MC '$ MC $ MC $ 
r r or 
1.0 7.8 70.3 6.3 64.7 8.8 t 77.5 t 2.2 4.75 42.8 3.76 38.6 4.55 : 40.1 
2.7 3.94 35.5 3.20 32.9 3.50 30.8 
3.3 4.23 38.1 3.08 31.6 3.94 ·34.7 
3.7 2.96 26.7 2.90 29.8 3.41 30.1 
4.3 2.44 22.0 2.1121.7 2.75 '24.2 
. Croft., 
, pF 105 M WHIN2M 00L2M 
r~c $ MC '$ MC $ 
r r r 
; 
1.0 6.3 64.5 7.9 81.5 8.3 . 60.4 
2.2 2.06 21.1 4.53 46.7 6.30 45.8 
3.2 1. 94 19.8 4.29 44.3 6.18 44.9 
3.8 1. 66 17.0 3.78 39.0 4.86 ·35.3 
4.1 1. 67 17.1 3.32 34.3 3.92 28.5 
Woodha11 Spa $F " 
pF 114 F1 114 F2 pF 4/Ba 
MC -$ . MC S MC S 
, r·· r r 
1.0 8.8 89.2 13.4 95.1 1.0 9.6 81.6 
2.2 5.18 52.5 5.39 38.3 ' 2.2 6.72 57.1 
2.7 4.94 50.1 4.60 32.6 ,2.8 5.79 48.9 
3.4 4.64 47.1 4.1129.2 3,.6 1.95 16.6 
4.4 4.76 48.3 3.67.26.0 .' 4.2 0.13 1.1 
. 
All 'units in '(%) 
t Mean of three~emainder are single determinations. 
APPENDIX 1d PERCENTAGE MOISTURE CONTENT AND SATURATION 
, RATIO OF THE PGGREGATE SLICES 
* •• * •••••••• * •• ******* .. ,TIIIE IIITO TEST:- 1 .16:. 0 TIME.:- 1024 0 •• *** ••• ****.**.** •••• 
* ,*.***.******'******* •• ***.**.*******.**********'*.".*.*.**.*.**************. • 
* I----~----~------------------------------~-------------I * SPOT TEMPERATURES SPATIAL TErtPERATURES * 
.. 1 ~ i A 14 D A R D TE 11 PER A T U REI N DIe A TOR P R I} £I E SI" A 8 CAB C * 
* l---------~---------~--------------------~-------------I · .---- .. --- .... - ... ----- ----- • 
.. r 1 * -6.84 ':7.08 ·7.40 -0.17 -0.41 -0.72 • 
.. I \.lATCH = 3.3/. AIR (5501111) • -16.63 I * • 
• I , "., I * 3.34 3.00 2.79 0.35 0.01 -0.20 • .. 
.. I---------~-----~--------------------------------------I * 3.67 .3.78 .3.76 0.05 0.16 '0.15 .. .. ' ' . * .---- ----- ---- ... ----- • 
* AIR PROOE TE~PERATURES • D. E F D E, F • 
.. 
· ----- .:~-.;.- ----- - .. --_ <It 
.. SPOT TEMPERATURES SPATIAL TEnPERATUR(S • -6.47 ;5.55 .. 6.11 0.20 1 ,12 0.56 • 
.. 
• • 
• 1 6 7 4 1 6 7 4 .. 3.30 3.07 2.92 0.31 0.08 -0.07 * 
.. 
• 3.73 3.73 3.70 0.12 0.12 0.08 .. 
• :'18. 54 -, )'. 1 5 ----- -18.71 -1.08 2.32 
-1.24 • -----
.. , 
----- ----- • 
• :18.89 -14.86 -14.05 -18. Q O -1.9 Q 2.04 1'.95 -2.00 • G. H K G H K • "' 
.. :. 1 8 • 30 .. 1 3', 41 
-13.23 -18.02 -2,56 . 2.33 2.51 -2.28 • .---- ~.:.~-- ----- -----
-----
t 
• :'13.81 -T.14 -B.3lS -4.03 2.64 ,.1.40 ----- • -6.66 ':'6.43 -7.53 0.02 0.24 -0.85·· 
• -9.06 -3'.13 -9.98 -1.67 4~26 
-2.59 • • 
• • Z~75 2.85 2:89 -0.24 .. 0.14 -0.10 * 
• LEVEL I t~ST LEV TEI-1P StANDARD DEV. • 3.15 3.40 3.61 -0.46 -0.Z1 0.00 • 
.. .. .---- ----- ----- * 
.. 2t)(,'.5 1111 
-17.47 l,OO? * LEVEL INST LEV TEHP STANDARD DEV. • 
.. 24('.5 1111 -16.90 2.304 • TOP or SPEC -6.(,8 0.624 • 
.. 
, C) 0'.5 1111 
-15.74 2.797 • .. 
.. 146'.5' /111 
-9.7B 3.1)46 • BOTTOM SPEC 2.99 0.211 • 
.. ?6.5 1lI1 
-7.39 3.717' • BOTTOM POT 3.61 . 0.209 ~ 
••• * •••••••• * •• ** ••• ** •• ******* ••• ***.** ••• *** •••••••• ** ••• * •••••••• *** •• ** •••••• * •• * ••••••••••••••••••• **** •• ~ •• * •••• * 
APPENDIX 2aDIGITAL COMPUTER OUTPUT - TEMPERATURES'RECORDED'AT'A'SINGLEINSTANT 
(Mk3 SRU WOODHALL'SPA F1) 
I~ 
-0 
fTl 
Z 
Cl 
...... 
>< 
N 
0-> 
... ~ 
·*····**······.·······"SF11142A "p 0 S IT I 011 TE 11 PER A T U RES 1.Jl TilT E ST PAR A M E lE R S IJ HO LE TE S T ~ 11 tl •••••••••• ~ •• * ••• * •• * • 
• •••••••••••••••••• ** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
• ,----------------------------------------~-.-----~-----I • POINT MEAN TfMPERATUnES rOINT MEAN STANDARD DCVS • 
.. I 5T!dIDARO TEllPERATlJRE INDICATOR PRODE~ I .. A ' .-<- if C A B C * 
.. r----------------------------------------:-------------! • ----- ----- • 
• I liE All SI. ["). I~EAN 5.0. I • -6.86 ;'7.07 .. 7.39 0.045 0.051 0.053 • 
• I \.IATEI{ 3r.30 0'.039 AIR -16~40 0.208 1 • • 
.. I I • 3.32 3.01 2.74 -0.032 0.036 0.040 • 
... I---------~----------------~------------~:---~---------I • 3.64 3.71 3.64 0.040 0.051 0.OR5 • 
... * .---- ----- -.--. . 
... AIR PROBE TEMPERATURES ... 0 E F D E F • 
• .. .---- ----- ----- " 
.. POINT f":EII:J TEflPERATUHES POINT MEAN STANDARD OEVS • .. 6.1.6 ;. 5."54 .. 6.13 0.047 0.033 0,0 /.' • 
.. 
• • 
• 1 6 7 , 1 6 7 4 ." 3.26 3.03 2.90 0.047 0.034 0.035 • .. 
• ." 3.68 3.71 3.66 0.044 0.046 0,038 • 
.. -18.08 -14'.76 
-1 ~". 24 0.493 0.392 ----- 0.451 · ----- ----- ---- .. ----- -.. --- ... 
• -'8.43 ,,'4'.41 -14.39 -13'.42 0.464 0.4 /.2 0.428 0.470 • G H K G H K • 
'* ~17.92 -'3~06 -13.10 -17.72 0.379 0.396 0.220 0.316 • _ .. _-- ~--.- ---- .. --- .. -_._- * 
.• -13.77 
-7.09 -8.~5 ..... --- 0.055 0.064 0.059 .... -_ ... -6.66 ';'6.40 -7.50 0.034 0.030 0.039 • 
• .. 9.1' -3.13 -~--- -10.01 0.030 0.023 0.040 '* • 
'* • 2.72 2.80 2.84" 0.032 0.025 0.022 • 
'* • 3.12 3.39 3.58 0.058 0.032 0.039 • 
• LEVEL T U V f * ----- .. ----- .. ----- ---- .. 
"* 
.- • 
• "296.5 I:r~ "17.02 ".668 1.Q63 0.442 • LEVEL T U V F • 
• 246.5 I'ir~ .-16.41 2'.065 2.322 0.448 • "TOP OF SPE C -6.67 0.589 0.623 0.036 • 
• ,96 • 5 I·;r~ "15.45 2'.401 2.740 0.320 • • 
• 146.5 1;11 -9.74 2'.910 3.553 0.053 • OOTTOl1 SPEC 2.96 0.207" 0.216 0.029 • 
• 96.5 ,;M -7.42 3'.064 3.742 0.022 • oonOli POT 3.57 0.191 0.195 0.040 • 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• * •••••••••••••••••••••••••• * •••••••• * •••• ** ••• 
APPENDIX 2b DIGITAL COMPUTER OUTPUT .. SUMMARY OF THE TEMPERATURE PARAMETERS MEASURED DURING THE TEST 
(Mk3 SRU WOODHALl SPA F1) 
'J} 
":') 
<.r 
(a) COLD ROOM 
Specimen height 152 mm 175 mm 
Packing Sand Vermic Sand Vermic 
Stirrer ON OFF ON OFF ON OFF ON 
Scan 2 OF * * * OF * * 
Interval PO * * * * (mins) 30 PD/4 * 
(b) PROTOTYPE SRU 
, 
Specimen height 152 mm 
Packing Sand Vermic 
Sensor M.C. T.H. M.C. T.H. 
, , 
Fan ON OFF ON OFF ON OFF ON 
Scan '2 , * * 
Interval 30, PD * (mins) * * PD . '* * 
~ '"' 
, 
Specimen height 175 mm 
Packing Sand Vermic 
Sensor M.C. T.H. M.C'. T.H. 
~ , 
fan ON Off ON OFF ON ON " 
, 
Scan 2 * * * * " 
Interval 
(mins) 30 * * * * * " 
*Test performed, PD - scanning covers pull down period, OF - defrost 
/4 - freezing cabinet in all four locations 
APPENDIX 2c TEMPERATURE MONITORING WITH CONCRETE SPECIMENS 
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APPENDIX 2d TUNING THE COLD ROOM 
The freezing cabinet containing 152 mm tall concrete specimens 
and the monitoring thermocouples was placed, for convenience, in 
the back right hand corner of the experimental area of the cold room. 
One extra loaded and calibrated thermoco~ple was placed on each of' 
the dowels at level 600 mm. Five more were positioned in the 
experimental area of the cold room level with the top of the 
freezing cabinet. Four were located 150 mm from the walls in the 
corners of the areaand.the fifth was suspended from the"ceiling in 
the middle. These were wired into consecutive connections in the 
back of the logger. 
At each stage of the tuning process voltages were recorded for 
a maximum of thirty minutes using fast scanning at 20 second 
intervals.' These were rapidly analysed on the Varian computer 
using a simple program~ 
When first measured the temperature in the freezing cabinet 
at level 600 mm was outside the SR318 requirement (Fig. 6di). Attempts 
to reduce the temperature range by re~a~sing the compressor and 
altering the thermostat setting proved unsuccessful: The Danfoss 
RT-13 thermostat was therefore replaced by an IT JE-1 ,however, .,-
the temperature range produced was even greater (Fig. 6dii). On 
reverting to the original th~rmostat, relocating the monitoring 
bulb and the mercury capillary, and adjusting the. thermostat, an 
air temperature in the freezing cabinet of -17.5 ± O.25~C with a 
cycle frequency of 5 minutes was obtained (Fig. 6diii). No further ~ 
tuning was done and the main series of comparative tests in the 
cold room was undertaken. 
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APPENDIX 3a INDIVIDUAL HEAVE RESULTS (mm) FOR 102 mm DIAMETER 
SPECIMENS TESTED IN THE PROTOTYPE SRU 
00L2 WH1N2 
Plan Position M. Fl M-
W, X Y Z ii s ii s ii 's 
., 
20.5 15.0 28.0 15.0 } 14:-5 32.5 .22:5' 31.0 16.7, 3.84 33.0 1.58 ~~!§ ~~1~ 34.0 24.5 34.5 21.0 .' 
---- -- ----
9.5 16.5 10.0 10.5,.' - - - - - - -
L 
-~" .. 
APPENDIX 3b . INDIVIOUAL HEAVE RESULTS (mm) FOR 152 mm DIP.METER 
~ 
SPECIMENS TESTED IN THE PROTOTYPE SRU 
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APPENDIX 4 
Unit a b c d e f 9 h k 
Cold room 18.5 19.5 9.0 10.0 12.5 9.0 10.0 17.0 16.0 
MK3 SRU 9.0 22.0 
-t--
8.5 11.5 12.0 12.5 15.5 16.0 10.0 
Underlined results are SF T/85. tResult neglected (excessive slumping) 
APPENDIX 4a~MAXIMUM HEAVE (mm) OF INDIVIDUAL'SFT/80AND 
SFT/85 SPECIMENS IN PRELIMINARY TRIALS 
Freezing Material Plan Position 
Period 
a b c d e f 9 h k 
102 M 13.5 11.5 9.5 10.5 9.5 1 11.5 10.5 11.5 11.0 
103 M 3.5 12.0*": 4.0 3.5 4.0 ' 2.5 3.0 3.0 3.0 
106 ' M 4.5 5.0 4.0 6.0 5.5 6.0 4.0 5.5 . 5.0 
105 M 1.0 1.5 1.5 1.5 1.5 1.5 1.5, 1.5 2.0 
96 119 C 5'.5 . 3.5, 2.5 3.5 3.0 1.5 2.0 2.5 2.0 
: 114 F1 15;5 15.0 14.5 17.0 13.5 ' 13.0 . 14.5 12.5 17.0 
, hours 114 Fl/2 12.0 13.5 12.0 ,,12.0 12.5 13.5 13.5 13.0 " 15. Cl 
114 F2 9.0 10.5 10.0 8.0 6.5 9.0 '10.0 10.5 10.5 
. 00L2 M 9.0 7.5 ' 8.5 9.5 9.0 10.0 10.5 7.5 ,14.0 
WHIN2 M .10.5 9.0 lO.O 12.5 11.5 . 10.0 9.0 10.0 9.0 
' Sf 4/80 19.0. 21.0 16.5 16.5 1,2.5 '16.5 15.5 13.0 17.5 
102 M 18.0 18.0 11.0 15.0 15.5 18.0 14.5 14.5 14.0 
'103 M 5.0 ' 19.5** 7.0 6.0 6.0 " 5.5 4.5 5.0 S.S 
106 M 6.5 7.5 6.5 9.5 . 8.5 9.5 ,6.0 ' 9.5 8.5 
105 M 2.5 3.5 2.0 3;0 2.5 1.5 2.5 3.0 3.5 
250 119 C 8.0 . 6.0 4.5 5.5 4.0 2.5 3.0 5.5 3.5 
114 F1 22.0 24.0 22.0 29.0 25.0 21.0 23.0 19.0 23.5 
, hours 114 Fl/2 19.5 19.0 16.0 19.0 22.0 23.5 20.5 23.0 , 25.0 
114 F2 17.0 17.0 17.5 15.5 13.5 16.0 19.0 19.0 17.0 
00L2 ' I~ 18.0 ,16.0 18.5 18.0 21.0 20.5 17.0 10.5** 22.5 
WHIN2 M 16.5 16.5 14.5 18.0 14.0 12.5 15.0 12.5 20.5 
: .' Sf 4/80 ' , 24.0 26.5 19.5 23.5 17.0 20.5 20.5 17.0 18.5 
" 
, 
~. 
102 M 11.0 11.0 12.5 13.0 11.5 10.5 11.0 13.5 11.5 
103 M 5.0 4.5 4.5 4.0 4.0 4.0 7.0 5.5 5.0 
106 M 3.5 4.5 ,5.0 3.5 4.0 5.0 . 4.0 " 4.0 4.0 
96 105 M 2.5 1.0 1.5 1.5 1.5 1.5 1.5 , 1.5 2.0 
119 C 3.5 2.5 3.0 ,5.0 3.0 2.5 2.5 2.0 3.5 
hours ' 114 'tl 16.0 17.0 14;0 17.0 14.5 15.0 . 12.0 14.0 16.5· 
114 Fll2 15.0 '16.0 ' 13.5 12.5 14.5 ' 11.5 ' 16.5 14.5 18.5 
114 f2 11.5 10.0 11.5 11.0 10.0 13.0, 10.0 11.0 13.0 
00L2 M 13.0 10.0 13.0 . 11.0 10.5 18.5** 12.5 12.5 13.0 
WH1N2 M 8.5 12.5 14.0 12.0' 14.0 14.5 16.0 13.0 15.0 
Sf 4/80 20:0 20.0 19.0 16.0 15.5 ,17.5 ' 19.0 17.5 22.0 
102 'M '15.0 .15.0 18.0 18.0 16.5 ' 15.5 16.5 n.5 . 15.5 
103 M 7.5 7.5 7.0 6.0 6.5 8.0 16.0** 9.5 7.0 
106 M 5'.0 7.5 7.5 6.5 6.0 8.0 7.0 5.5 8.0 
105 M 4.0 2.5 3.0 3.0 2.5 2.5 2.5 2.5 3'.0 
250 119 C 5.5 3.5 3.5 7.5 4.5 5.0 4.5 3.5 5.0 
I 
. 114 f1 23.5 . 31.0 24.5 28.5 26.0 25.5 21.5 27.0 26.5 
hours 114 Fl/2 23.0 26.5 23.0 22.0 27.0 17.0 24.5 25.0 26.5 
114 F2 15.0 .16.5 ' '17.5 16.5 16.5 21.0 16.0 "19.0 22.0 
DOll M 26.5 24.5 22.0 20.5 23.5 38.5** 28.5 27.0 26.5 ' 
WH1N2 M 21.0 22.0 19.5 20.0 ' 24.5 26.5 25.5 21.0 24.5 
Sf 4/80 29.5 27.0 23.0 21.5 24.0 25.0 22.5 26.0 26.5 
3\(1 
-h s 
l1.°t 3.3 
1.22t 0.53 
5.1 0.77 
1.5 0.25 
2.9, 1.19 
14 .. 7 1.60 
13.0 1.00 
9.3 1.37 
9.5 1.97 
10.2 1.20 
16.4, , 2.66 
16.1 t 5.6 
1.69t 0.78 
8.0 1.41 
2.7 0.66 
4.7 1.72 
23.2 2.72 
20.8 ' 2.80 
16.8 1.71 t ' 
18.9t 2.19 
15.6 : 2.62 
20.8 3.28 
11.7 1.03 
4.8 0.97 
4.2 0.56 
1.6 0.43, 
3.1 0.88 
15.1 1.67 
14.7 2.12 
11.3 ' 1~28t 
,n.gt 1.24 
13.3 2.18 
18.5 2.08 
16.\ 
7.4 
1.2't 1.06 
6.8 1.09 
2.8 0.50 
4.7 1.28 
26.0 2.77 
23.8 3.11 
'n,s
t 24.9 
2.39t 2.74 
22.1 2.56 
25.0 2.52 
** Outlier byDi.xons test ard Grubbs' T-statistiC t Based on eight heave ~a1ues 
APPENDIX 4b "INDIVlriUAlHEAVERESUlTS'(mm) FROM TESTS CONTAINING 
NINE SIMILAR SPECIMENS 
.. 
Unit Freezing Material Plan Posi tion C M Fl 
Period a b c d e f 9 h It. h s h s h s 
.. 
.-
102 10.5 5.5 11.5 13.0 10.5 6.0 7.0 10.5 10.5 6.2 0.76 10.5 0.00 11.7 1.26 
103 4.0 3.5· 3.5 2.5 -4:0 5.0 3.5 4.5 -4-.0 3.7 0.29 )~~ 0.76 4.5 0.50 
96 . ·106 .5.!Q 7~O 4.0 1:5 4.5 5.0 -5:5 5.0 "3:5 . 3.5 1.80 ~..!.~ QJ~ 5.8 1.04 
.. 
' 105 1.0 0.5 ' 0.5 1.0 0:5 0.5 1.0 J..!.Q 0:5 0.7 0.29 O.B .Q~2 0.7 0.29 
hours 105b :i:~ 5.5, 0.0 4.0 -0.5 1~6 -0.5 1.5 3.5 -0.3 " 0.29 1:f 12.]..5. 4.3 1.041 
119 4.5 3.5 § ... Q' .5 ... Q 5.5 3:0 3.5 ~:Q 5.5 3.3 0.29 Ji..!.Q l·J)Q 5.2 0.5B\ 
Cold WH1N2 6.5 l~~ 13.0 17 .0 6.5 l~.'§ ~..!Q. 14.5 8.0 7.0 0.B7 12..,J .0.22 14.8 2.02 
'. 
room 102 H!..O 7.0 15.0 17.0 14.0 B.O 9.5 14.5 13.0 8.2 1.26 .' 13_.3 QL.6Q ' 15.5 1.32 
. 103 . 6.5 6.0 7.S 4.0 -r.O 9.0 5.5 7.5 -f. 0 6.7 1.0'1 . ~J 1...51 7.7 1. 26 1 106 10.5 10:-S . 5.5 3:5 8.5 6.0 9.0 7.0 ~:[ 5.3 1.76 l~Ji 3. • ..06.. 8.5 2.29 
250 105 1-:5 2.0 1.5 2.0 1:0 2.0 lA ~Jl 1.5 Ll. 0.29 1·J! Q.,J~ 1.8 0. 29 1 
hours 105b iCo 7.5 1.0 6.5 M I:~ 0.0 1 .. ~ 4.5 . 0.3 0.58 l~Q .o._B1 6.2 1.52 1 119 "6:0 M .6. .. 2. J.!Q. 8.0 M M .8 .. 5. 8.0 .-5...] . 0.76 1 .. 3.. 1..04.. 7.3 1.15 j 
, WHIN2 .1.6....5 ' 2,Q....Q 19.5· 30.0 15.0 . 16. • .9 Hl.~ 24.5 12.0 14.5 2.29 lil .. .El 1 . .Q~ 24.7 5.25, 
I 
I 
102 11.0 .2.!..5_ 6.5 ~ .. ~ lQ....Q. 11.5 ~ 12.0 .2~Q. 8.7 1.89 ~ ... 3_ .Q.J.9 11.5 0.50 
103 4.5 ~..t.Q. J.!.~ . ~ ... ~ 2.0 5.0 . M 4.5 ~ .. 5_ 3.0 .QJU ..5LO_ Jl...BZ 4.7 0.29 
96 106 ~.L~ , 6.5 4.0 4.0 4.5 6.0 ' 6.0 ~ ~&' 4.5 .Q..Jll .21-~ ..Q. • ..58. 6.2 0.29 105 1.5 1.5 1.5 1.5 l~o .l~~' ..L.Q. l~~ 1.0 L1. 0.29 l .. ~ .0.,]0.. 1.3 0.29 hours . 105b 1':5: 5.5 1.5 5.0 1.0 ]!.~ l.....2. ..3~Q. 5.5 ' : 1.3 0.29 1 .. 0. .Q.Ji.Q 5.3 0.29 
119 4.5 4.5 5.0 3.5 4.5 4.0 3.0 3.5 5.0 4.0 0.87 1 .. El. .0.16. 4.7 0.29 
Nk3 WHIN2 M lC~ 17.5 14.5 "6.5 i2~-· 13';[ 12.5 7.0 ,- 7.7 L.§l 12. .. & -.o...~!i 14.8 2.52 I 
SRU 102 14.5 15.0 11.0 14.5 16.0 15.0 14.5 20.0 13.0 13.8 2.57 l4..tf LQ4.. 16.5 3.04 
103 7.5 , -f.5', 4:5 -i..!.Q 3.07.0. M 7.0 ~:[ 4.5 1.50 1£05.. 1 . ..8.0.. 7.2 0.29 
250 106 1 ... 0.. 10:5 7.5 6.0 J!%.Q 11.0 9.5 9.0 .2..t.Q . 7.5 1.50 ~ .. O_ L.9Q. 10.2 0.76 
hours 105 2.5' 2.0 U 2.5 2.0 £!..~ , 2.0 2.0 2.5 2.2 0.29 2.5 Q....QQ 2.3 0.29 105b 2~S 7.0 2.0 6.0 2.0 4.5 2.0 :CO 5.5 2.0 0.00 ]~L 1.04 6.2 0. 76 1 
119 6:0 § .... ~., 6.5 5.0 6.5 ]:~. ~ ... Q 5:0 8.5 5.5 0.87 ..§!..O_· [:~1 7.0 1.32
1 WH1N2 20.0 18.-:.§, 32.5 29.0 16.0 gQ~ ~~.j 23.0 14.0 16.7 , 3.06 ~1.:..2_ ~ • .Q~ 28.2 4.80 ,- i 
APPENDIX 4c' 'INDIVIDUAL'HEAVE'RESULTS'(mm)'FROM TESTS CONTAINING MIXED LOADS 
Cv 
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APPENDIX 4d SAMPLE CALCULATION AND VALUES ESTIMATED TO REPLACE OUTLIERS 
Sample calculation for SRU results after 250 hours (all dimensions in mm). 
Two outliers occur:-· 
(i) Spencers Farm 103M plan position g = hs,g 
(ii) 00L2M, plan position f = ho,f 
Neglecting the~e values jie1ds:-
G = total of all heaves = 1572.5 
Bg = total of all heaves at plan position g. 
Ts = total of all heaves on Spencers Farm. 
Bf = total of all heaves at plan pos Hion f. 
To = total of all heaves on OOL2M. 
Calculations 
Step 1 
Assumeho,f= 25.5 .·:.G=1598 
Equation 8.1 (in text) yJelds 
hs,g = (9.169 + 11.59 - 1598)/80 = 7.0 
Step 2 
Assumehs,g=7.0 . G=1579.5 
= 169 
= 59 
= .154 
= 199 
ho,f = (9.154 + 11.199 - 15795)/80 = 25.0 I 
.. 
Step 3 
Let ho,f = 25.0 :. G = 1597.5 
hs,g = {9.169 + 11.199 - 1597.5)/80 = 7.0 
I 
, . 
Which is the same as the first estimate and so the iteration 
process ceases. The values estimated to replace the out1iers· 
indicated in appendix 4a are given in the fol·10wing table. 
Freezing Unit Out1ier Estimated 
Period Value (mm) 
SRU hs,g 7.0 
250 hp,f 25.0 
hours . CR hs,b 6.5 
ho,h 18.5 
,;", 
(1) 
. 
(i ;) 
,.- .. _----.. _----. . _-------- -_._----
Cold room ~1K3 SRU 
Material heR s F~SRU S F tcR-hSRU SB t (mm) (mm) (mm) (mm) (mm) (mm) 
Ashton C 13.8 2.57 8.2 1.26 4.16 5.6 2.02 3.40 
Keynes M 13.3 0.60 . 14.2 1.04 3.00 -0.9 0.85 -1.30 
102 F1 16.5 3.04 15.5 1.32 5.30 1.0 2.34 ' 0.52 
Spencers C 4.5 1.50 6.7 1.04 2.08 -2.2 1.29 -2.09 
Farm M 5.7 1.53 7.5 1.80 1.38 -1.8 1.67 -1.32 
103 Fl 7.2 0.29 7.7 1. 26 18.88 -0.5 0.91 -0.67 
Stanley C 7.5 1.50 5.3 1.76 1.38 2.2 1.64 1.64 
Ferry M 7.8 3.06 8.0 1.00 9.36 -0.2 .2.28 :-0.11 
106 Fl 10.2 0.76 8.5 2.29 9.08 1.7 1.71 1.22 
C 2.2 0.29 1. 3 0.29 . 1.00 0.9 0.29 3.80 
M 1.8 0.29 2.5 0.00 ~0.7 -00 - -
Croft Fl 2.3 0.29 ' 1.8 0.29 ' 1-:00 0.5 0.29 2.11 
105 ,Cb 0.3 0.58 ,.2.0 0.00 00 1.7 . 
- -Mb 3.0 0.87 3.7 1.04 1-:43 -0.7 0.96 -0.89 
Flb 6.2 1.53 6.2 0.76 4.05 0.0 1.21 0.00 
C 5.8 0.76 5.5 0.87 1.31 0.3 0.82 0.44 
Dene M 6.0 0.87 7.3 1.04 1.43 -1.3 0.96 1.66 
119 F1 7.0 1.32 7~3 1.15 1.32 -0.3 1.24 -0.30 
: 
C 14.5 2.29 16.7 3.06 1. 79 -2.2 2.70 -1.00 
WH1N2 M 18.8 1.04 21.2 3.06' 8.66 -2.4 2.29 -1. 29 
F1 24.7 5.25 28.2 4.80 1 ,.20 -3.5 5.03 -0.85 
102 M 16. 1 1.69 16.4 1.21 1.95 -0.3 1.47 -0.43 
103 M 5.6t 0.78t 7.4 t 1.06t 1.85 -1.8 0.93 -3.87 
106 M 8.0 1.41 6.8 1.09 1.67 1.2 1.26 2.02 
105 M 2.7 0.66 2.8 0.50 1.74 -0.1 0.58 -0.37 
119 C 4.7 1.72 4.7 1.28 1.81 0.0 1.52 0.00 
Fl 23.2 2.72 26.0 2.77, 1.04 -2.8 2.75 -2.16 
114 Fl/2 20.8 . 2.80 23.8 3.,11 ' 1.23 ~3.0 2.95 ;"2.] 5 
F2 16.8 1.71 17.8 2.39 1.95 -1.0 2.08 -1.02 
00L2 M 18.9t 2.19t 24.9t 2.74t 1.57 -6.0 2 • .48 -~.8~ 
WH1N2 M 15.6 2.62 22.7 2-56 1.05 -7.1 2.59 -S.8] 
SF 4/80 20.8 3.28 25.0 2.52 1.69 -4 .. 2 2.92 -3.Q5 
tBased on eight results only; Results Significant at the 5% level· 
underlined 
. 
APPENDIX 4e COMPARISON OF MEAN P.EAVES AND STANDARD DEVIATIONS 
OBTAINED IN THE COLD ROOM'AND Mk3 SRU: (1) FOR 
TESTS' CONTAINING DIFFEREN.T SPECIMENS AND (in', FOP. 
TESTS WITH NINE SIMILAR SPECIMENS 
313 ... 
Material Grading 
C M 
102 11.0 15.6 
103 . 5.6 6.5 . 
106 6.4 7.5 
105 1.7 2.6' 
105b 1.1 3.3 
119 4.9 6.6 
00L2 - 21.9 
WH1N2 15.9 19.4 
F1 Fl/2 
114 24.6 . 22.3 
SF4/80 22.9 -
APPENDIX 4f' OVERALL MEAN HEAVES (mm) 
AT 250 HOURS 
311 
F1 
16.0 
7.5 
9.4 
2.1 
6.2 
7.1 
-
26.4 
F2 
.. 17.3 
-
APPENDIX 5 
-----
Est. Val. 
Unit Outliert (mm) 
SRU ho,f 11.5 
CR hs,b 4.0 
Unit Source of Sum of DOF Mean F 
Variance Squares . Square 
Position 26.55 8 3.32 1.70 
Cold Aggregates 2870.11 10 287.01 
room Residual 154.57 . 79 1.96 
Total 3051.23 97 
Position 26.32 8 . 3.29 ; 1.76 
MK3 Aggregates -2251 .45 10 225.14 
SRU Residual 147.46 79 1.87 
Total 2425.23 97 
-
.. ~ -"'. . ~ .-..... -. 
~For notation see Appx. 4d 
APPENDIX Sa THE INFLUENCE OF SPECIMEN POSITION ON-HEAVE, 
(1) VALUES ESTIMP.TEO TO REPLACE OUTLIERS' AND 
-(i i) HIO-vIAY ANALYSIS OF VARIA.NCE 
1- -
Regression Cold room SRU 
Line -- " m c r m c r (mm) (mm) 
; 
h96 on h250 0.60 0.0 -0.55 0.7 (1) 0.96 0.97 
h250 on h96 0.65 -0.4 0.59 0.2 
(;1) h96 on h250 0.60 0.2 0.54 0.8 0.96 0.96 
h250 on h96 0.65 -0.4 0.58 0.2 
APPENDIX 5b VALUES OF THE REGRESSION COEFFICIENTS m AND c 
UNDER THE RELATIONSHIP ht1. = m. nt2 + C -ANI) THE 
~,-
. CORRELATION COEFFICIENT r (i) WITH OUTLIERS EXCLUDED 
. (1i) WITH OUTLIERS INCLUDED 
------------------------------~~-------
30 
20 
\/I 
.... 
""5 
\/I 
QI-
... , 
'0 
... 
Q) 
~10 
::J 
z 
96 hours 
17 71 Observed 
_ - Expecte~ 
-CH 0-0. 0'4 
Standardised variate 
0-8 
'X~alc.=11.05 
X~25. 8 .. 17.53 
',2 2·0 2·4 
30T-----------------------------------------------------------------~ 
20 
\/I 
-"5 
\/I, 
QI' 
... 
0; 
... 
QI 
~ 10 
::> 
z 
250 hours 
i7 7 I Observed 2 ~alc. = 13·51 
Expected "X~025. 8 ,.17. 53 
-2,' . -2·0 -1·6 . -1·2 -0-8 -0'4 0-0 0·' 0-8 . 1·2 ',6 
Standardised variate 
APPENDIX Se - COMPARISON OF THE' OBSEPVED AND EXPECTE~' FREQUHICY' OF 
STANDARDISED VARIATES AT 96 AND 250 HOURS 
2·0 2·4 
'Variate Interval 
-.1.8 -1.4 -1.0 -0.6 . . -0.2 +0.2 +0.6 +1.0 +1.4 +1.8 
'. 
I I I I I I I I . I I 
Expected number 7.11 6.86 10.17 12.88 13.96 12.88 10.17 6.86 7.11 
250 Cr. 4 11 11 16 10 13 7 10 6 
(i) Observed hours SRU 4 8 1.6 12 12 12 10 8 6 
t 
number , l' 96 Cr. 4 9 12 11 20 19 5 8 
hours SRU 5 6 15 ,19 '11 .- 8 11 5 8 
I ' , I , l L J J L J 
I I I I I I ' I I I I 
Expected number 6.32 7.90 -13.72 20.34 .. 25.76 27.92 25.76 20.34 13.72 7.9 6.32 
(i i) , Observed 250 hours 2- 6 19 28 27 22 25 17 18 4 8 
number 96 hours 4 4 15 27 30 31 27 12 10 8 8 
1 __ - I~ ______ L ' I 1 I I I I I 
tNumber of'degrees of freedom. *Combining cells yields X2 1 = 7.28. X!02S S = 12.83. i.e~ not significant. 
ca c • 
.; 
APPENDIX 5d COMPARISON OF THE EXPECTED NUMBER OF RESULTS, FOR A NORMAL DISTRIBUTION, 
AND THE OBSERVED NUMBER AT 96 AND 250 HOURS (;) FOR THE INDIVIDUAL UNITS 
AND (;;) FOR THE COMBINED RESULT 
" 
2 t I Xca1c v XO.02S.\) i 
\ 
I 8.40 
f 
5.65 
6 14.45 
18.05 
9.10 
I 
I 
I 
-- i 
13.51 8 17.53 
11.05 
IJ.j 
.... , 
-~~-~ --~~---.. -----------------------
Cold room SRU 
Regression m c m c 
Line (mm) (mm) 
S on ii96 0.074 0.51 0.106 0.22 
h96 on s 0.160 -0.19 0.139 -0.08 
S on ii250 0.088 0.66 0.095 0.42 
h250 on s ' 0.121 0.23 0.110 0.19 
~ " 
APPENDIX Se 'VALUESOF'THE'COEFFICIENTS OF REGRESSION'm AND c 
, . 
UNDER THE RELATIONSHIP'S = m fi '+ c --------~----------~t---
P n = 3 n = 9 
(%) a e a e 
mm mm 
10 0.056 0.34 0.180 1.08 
20 0.082 0.49 0.207 1.25 
30 0.104 0.63 0.228 1.38 
I 40 , 0.124 0.75 0.247 1.49 
i 50 0.145 0.87 0.265 1.60 I 60 0.166 1.00 0.284 1. 72 
70 0.191 1 • 15 0.305 1.84 
I ' 80 0.221 1.33 0.331 2.00 
I 90 0.264 1.60 0.367 2.22 
95 0.302 1.82 0.399 2.41 
. 
APPENDIX Sf . VALUES OF a(p~n) AND e(p~n)UNDER THE 
11 v 
'RELATIONSHIP'(h'-'h) :'a n + B 
318 
I 
(i) 
(ii ) 
-
." ASHTON KEYNES -" SPENCEIi.S FARr~ CROFT DENE WOODLAND SPA 
102 103 105 11"9 114 
Unit 9M 3x3 9M " '3)(3 9M 3x3 9C " 3x3 9F1/2 9Fl~ 
30(0-60)' 30(0-48) (0-48) (50-54) (18-20) 30(0-60) 
~76-80)' " 
(48-96) " 4(72-76) 120(0-250) 120(0-208) (47-49) 
, 2(239-241) HK3 ' " 30(96-144) (174-176) 2(96-98) 
SRU 2 142-146) (144-192) (126-128) (242-244 ) 
.. (192-250) (194-196) 
Cold 
2(260-64) 2(237-241) 2(114-117) 120(0-250) (90-94) (27-29) 
. 4(114-117) (51-53) 
room (216-219) 2(98-100} 
(129-131) 
. ' 
(201-203) 
WH1N2 .. OOL2. SF Concrete Example 
. 
Unit 9M " "' 9M 4/80 ,. 9M = Test with 9 similar M graded specimens 
3xl = Test with speci~e~s at three different gradings 
MKl ' ,120{0~162} 120(0-244) 120(0-250) 120{0-lS0) , 30(48-96) = Temperatures r.lor.itored at 30 minute intervals 
SRU , from 48 to 96 ho~rs after the stdrt"or the 
. .- freezing pei"ioC: 
.. 
Cold -' 
room 120(0-250) 2{248-2S0} 120(0-168) 
-~.-~---~.-.-- .•. --.. ~- ----_.-
APPENDIX 6a' TEMPERATURES MONITORED' DURING' THE FROST HEAVE TESTS:' (i)' WITH' STANDARI) THERM.OCOUPLE 
LOCATIONS"' AND' (i i) WITH 'INTERNALLY" MONITORED" SPECIMENS 
I 
I 
I 
I~ 
" " I~ 
'0 
...... 
x 
"" 
w 
ca 
Sieve Size (mm) 
Gradin'g ~1ateria1 20 10 5 0.6 0.3 0.063 ~1ean 
. ' 
102 0.5 1.0 1.5 3.0 2.5 0.5 1.5 
103 4.0 1.5 1.5 1.0 0:5 ' 0.0 1.4 
C 106 4.5 1.0 0.5 0.5 0.5 0.5 1.2 105 0.5 2.0 0.0 1.0 0.0 0.0 0.6 
119 5.0 4.5 3.5 1.0 1.5 . 2.0 2.9 
105b 2.0 0.5 1.0 0.5 2.0 0.0 1.0 
WH1N2 5.0 .1.5 1,.5 1.0 0.5 0.5 1.7 
102 5.0 2.0 2.0 0.5 ' 1.0 0.5 1.8 
103 2.5 2.5 1.5 1.0 1.5 0.5 1.6 
M 106 2.0 4.5 1.5 2.0 2.0 1.5 2.2 
105 2.0 5.0 2.5 2.0 0.5 0.0 2.0 
. 
119 0.5 7.5 6.0 1.5 0.5 0.5 2.7 
105b 2.5 3.0 1.0 1.0 0.5 0.5 1.4 
WH1N2 2.0 1.5 4.0 1.0 1.0 O.S 1.7 
00L2 . 2.0 2.5 0.5 1.5 1.0 0.5 1.3 
102 0.0 1.0 1.5 0.0 0.5 0.5 0.5 
103 0.5 0.5 0.5 1.5 0.5 0.0 0.6 
, F1 106 1.5 0.5 2.5 1.5- 1.5 o &:: . 1.3 ... 105 0.5 1.5 0.0 1.0 . O~O 0.0 0.5 
119 1.0 2.5 3.0 0.0 2.0 0.5 1.5 
114 0.0 1.0 0.0 2.0 . 1.0 , 0.0 0.7 
105b 1.0' 3.0 0.5 2.5 1.0 0.0 1.3 
WH1N2 2.5 0.5 0.5 0.0 0.0 0.0 0.6 
Fl/2 114 
-
1.0 0.5 0.0 . 3.5 0.5 1.1 
-', . ---... ; 
F2 
. ,-' 
APPENDIX 6b VARIATION IN THE FINAL GRADING OF THE FROST HEAVE 
SPECIMENS EXPRESSED AS THE RANGE IN PERCENTAGE 
PASSING EACH SIEVE 
Sieve Size (mm) 
r~aterial 20 10 5 0.6 0.3 0.063 r~ean 
102 " 11.0 ,9.0 5.5 3.0 ' 2.5' 1.0 5.3 
103 3.0 0.5 1.0 LO 0.0 0.0 0.9 
106 6.5 8.0 6.0 3.5 4.5 1.5 5.0 
105 3.5 6.0 1.5 0.5 0.5 0.0 2.0 
. 119 2.5 1.0 1.0 1.5 1.0 1.0 1.3 
105b 9.5 13.0 4.0 1.0 ' 0.5 0.0 4.7 I WH1N2 8.0 8.0 8.0 -1.0 0.0 2.0 4.2 
102 6.5 5.5 6.0 2.5 2.5 0.5 3.9 
103 1.0 1.0 0.0' -0.5 0.0 0.0 0.3 
106 1.5 3.S 3.5 1.5 2.0 1.0 2.2 
10S 5.0 6.0 4.0 1.5 1.0 0.5 3.0 
·119. 6.0 6.0 5.5 2.0 2.5 2.0 4.0 
105b . . 7.0 5.0 3.0 2.5 2.5 2.5 3.7 
WH1N2 7.0 3.S 6.5 -1.0 -1.0 1.0 2.7 
00L2 23.5 24.0 21.5 13.5 9.0 6.0 16.2 
102 3.5 . 3.0 2.0 1.0 1.0 1.0 -1.9 
. 103 0.0 -0.5 . -1.5 -2.5 -1.0 0.0 10.9 
106 0.0 2.0 1.0 0.0 2.5 0.0 0.9 
105 0.5 2.5 . 0.5 1.5 0.5 0.5 1.0 
119 1.0 0.0 -0.5 -0.5 2.0 1.5 0.6 I 114 2.0 -1.0 3.5 3.0 4.0 . 1.0 2.1 
105b 1.5 1.0 0.0 3.5 4.0 2.0 2.0 I 
WH1N2 3.0 4.5 6.5 -1.5 -2.0 -1.0 1.6 
.. 
114 . - . -0.5 2.0 2.5 3.5 0.5 1.6 
. 
114 
- -
-0.5 1.5 -4.5 -0.5 -1.0 
I 
- -- ----
-
APPENDIX 6c 'DIFFERENCE BETWEEN INITIAL AN~ FINAL GRADINGS 
EXPRESSED AS THE DIFFERENCE IN THE MEAN 
PERCENTAGE PASSING EACH SIEVE (.,r-
" c; 
P,PPENDIX 7 
Ashton Keynes Spencers Fa rm Stanley Ferry 
pF 102 M 103 M 106 M 
S 0 S 0 S 0 
r pP r pP r pP 
1.0 70.3 16.3 64.7 12.5 77 .5 18.4 
2.2 42.8 9.9 38.6 7.9 40.1t 9.5t . 
2.7 35.5 8.3 32.9 6.7 30.8. 7.3 
3.3 38.1 8.8 31.6 6.4 34.7 8.2 
3.7 26.7 6.3 29.8 6. 1 30.1 7.1 
4.3 22.0 . 5. 1 21.7 4.4 24.2 5.7 
, 
Croft , 
pF 105 M . WHIN2M OOL2M 
S 0 S 0 S 0 
r pP r pP r pP 
1.0 64.5 13.4 81.5 17.3 60.4 16.5 
2.2 21.1 4.4 46.7 9.9 45.8 12.6 
3.2 19.8 4.1 44.3 9.4 44.9 12.3 
3.8 17.0 3.5 39.0 8.3 35.3 9.7 
4.1 17.1 3.6 34.3 7.3 28.5 7.8 ' 
~!oodha 11 Spa SF 
pF 114 F1 114 F2 pF 4/80 
S 0 S 0 S 0 
r pP r pP r pP 
1.0 89.2 18.7 95.1 26.0 1.0 81.6 19.4 
2.2 52.5 11.0 38.3 10.4 2.2 57.1 13.6 
2.7 50.1 10.5 32.6 8.9 2.8 48.9 11.6 
3.4 47.1 9.8 29.2 8.0 3.6 16.6 3.9 
4.4 48.3 10. 1 26.0 7.1 4.2 1.1 0.3 
Units are in (%) 
tMean of ' three, remainder are ,sin91e results 
APPENDIX 7a ' DEGREE OF SATURATION AND TOTAL 
VOLUMETRIC MOISTURE CONTENT OF 
THE AGGREGATE SLICES 
APPENDIX 7b VOLUMETRIC MOISTURE CONTENTS"AT"pF'2.5 
Regression of 
82·5 on n250 
DOL results excluded 
" DOL results included. 
m c 
(mm) 
r 
3.03 -11.6 0.98 
2.90 -11.~ 0.93 
Number of 
results 
16 
18 . 
APPENDIX 7cCORRELATION COEFFICIENTS r"AND COEFFICIENTS OF REGRESSION 
m AND c UNDER THE RELP,TIONSHIP h2S0 :: m.82 • S-.!....£ 
,$2? : 
APPENDIX 7d THE ITERATIVE PROCEDURE TO DETERMINE SUCTIONS 
(a) Substituting the conditions at the onset of terminal lens 
formation into equation 11.3 yields:-
K = U· 
5.93 x 10-7 
o 0·· 
(b) A Uo value was then selected, say pF 1.6 = 40 cm . 
. (c) Substituting this value into the above equation gives 
k =1.49 x 10-8 ms- 1• 
U 
'(d) The unsaturated permeability at U /2, 20 cm or pF.1.3, 
, 0 
determiried from Fig~ 11.5 is 7.9 x 10-7 ms- 1• 
(e) A new U value was then chosen e.g. pF 1.5 and steps (c) 
-0 
and (d), repeated until the U
o 
value (measured to.the nearest 0.1·pF) 
which gives the minimum difference in the two values was obtained 
( i. e. pF 1. 5) • 
, (f) The calculatedU value of.pF 1.5, or 31.6 cm was substituted 
,0 . 
into equation 11.5 along with the conditions at the onset of 
. terminal lens formation to give:-
(g) A U~ value was selected e.g. pF 2.7 or 501 ~m and ,the kf·' 
r: -12 
value calculated (K~ = 9.0 x10 ). 
, (h) At {Us - 31.6)/2 the unsaturated permeability from Fi9. 11.5 
is ·2 x 10- 11 • 
(t) Again the steps (g) and (h) are repeated until the Uo value 
to the nearest 0.1 pF which yields the minimum difference in the 
two permeabilities is obtained. 
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